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Abstract 
The study is primarily concerned with the analysis of cinematographic 
records of tium,3.n movexent. 	 Computational techniques for smoothing and 
differentiation of numerical data are examined and a suitable method is 
established as a computer programme. 	 The programme accepts displacement 
data from cine film of a body action and produces inertia force components 
of the body segments. 
The equation of motion is expressed in terms of a sumation of seemental 
forces. 
	
The computed results are corntared with the total reaction measured 
on a force platform and arc also used to indicate the segmental contributions 
in the sunmation. 
The analytical procedures are general, but are here applied to cimp2e 
athletic activities. 	 Discussion of body motion and external force action 
is followed by estimation of the internal effects in muscles and ;ioints in 
the lower limbs. 
During the course of the work, discussion of segmental m:Klels of the 
human body and of scum mc,chanical principles is undertaken. 	 These sections 
range b..iyond th-a requireLicnts of the central study and offer some broader 
considerations in alovement analysis. 
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Chapter 1 
An Outline of the Contents 
he characteristics of walkir have beon a major interest since the 
incepticn of studis in human movement, and in recent years the refinement 
of experimental techniques in biomedical engineering has led to detailed 
analysis of the action of the lower limbs and their joints and muscles. 
This later work has beers particularly corcernej with improvements in the 
design of artificial limbs and the development of surgical replaceitents for 
the knee and hip joints. 	 Estimates of forces in the leg muscles and joints 
during normal walking have been made and the aunted maximum values are 
surprisingly large. 
The central theme of the present work is the estimacion  oz iscz'oes 
developed jn the body during actions more vigorous than walking. 	 It is to 
be expected that in athletic activities the forces will often be considerably 
larger than in normal locomotion, ard in soot Instances they may result in 
injury. 
A common sports injuu, the torn semilunar cartilage of the knee joint, 
appears in many cases to result from violent twisting and compression 
trapping the cartilage between the mating faces, or condyles, of the femur 
and tibia. 
	
There is, however, a good deal of uncertainty about the inten- 
sities anci durations of loading which the cartilages will withstand, and it 
is possible that the tissue will tear under a 'fatigue' effect of repeated 
compressive impacts. 
	
The rootbellev's knee injury may be the result of a 
single violent wrench, but similar cartilage trouble in cricketers (the 
leading leg of a fast bowler) end hill-walkers may be due to the cumulative 
effect of many moderate impacts. No estimates of the loads imposed on the 
joints in such situations appear to have been made, and one objective of the 
present work was to examine an activity involving impact loading at the feet. 
Tne landing action fre)m a vertical drop ( 'drop-landing' ) was taken as a 
typical case and a wide range of load intensity was possible by 
-/ariation in 
the height of 	 jump. 
5 
To allow uninhibited movement in an athletic perforaaa► ce it was decided 
that, in experiments, the subject should be free of electrodes, leads and 
other attachments. The force platform, forming a panel flush with the 
laboratory floor, and eine photography, a remote recording process, are 
experimental devices which -offer no impediment to body movement. 	 Both 
techniques have been employed in previous biomedical work and in studies of 
athletic performance, but the computation of forces from eine data has been 
attempted in only a few instances. 	 In the present study it was censidered 
important to derive reliable force estimates from eine film and to use the 
fcrce platform as a check on the computed values. 	 It was intended that the 
limits of eine analysis would in this way be explored. 
The eine record provided detailed displacement data on the body move;aent 
and the handling of this information led to the investigation of a range of 
computational techniques. 	 In essence, the displacement data were to be 
smoothed and differentiated to give accelerations and inertia forces associate 
with the moving parts or 'segments' of the body. 	 Experience of the numerical 
methods gave rise to the formulation of a computer programme for force analysL 
of the eine data. 
The emphasis has necessarily been drawn toward the validation of 
analytical procedures, but the discussion of measured and computed external 
force and of the body action in the drop-landing and the standing long jump 
offers some points of interest in Physical Education. 
	 The subsequent 
calculation of muscle tensions and joint forces in the lower limbs during the 
drop-landing raises a number of issues relevant to biomedical engineering. 
In addition to the main course of the work cutlined above, some other 
related investigations are presented. 
	 Each of these developments evolved 
naturally in the course of the study. 
	 While commencing with tried procedures 
for the assessment of body movements and forces, it becE_mc olar that these 
procedures themselves needed further appraisal. 
	 Thus, in seemingly establishi 
methods important avenues of exploration presented themselves. 
	 The Chapters 
on Segmental Models, Mechanical Principles and Smoothing-Differentiation 
contain attempts to probe a little more into current biomechanical ideas. 
In each case the relevant literature was found 	 contain 'loose end:;' or 
questionable statements on fundamentals. 	 Reappraisal f7cm :irst n-inciples 
was then undertaken and such a formulation suggested 6cvelopments which 
clarified the matters in question. 
The relations between sections of the work are indicated in I'igure 1.I. 
In viev of the diversity of the topics covered in succeeding Chapters, 
a general literature review is not appropriate. 
	
Instead, each Chanter 
calling upon Published material contains its own literatuz.e survey and 
references. 
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Chapter 2 
	
Part 
Generalnevelonment of 
Moment of Inertia  Factors 
2. 	 Tree -, ereope, of S.egillc.'etal Modela 
n• ••••n•- • •••nn• 
fire study of hunlan movement in reecheelical terms requires a knowledre 
of the dimensions and masse3 of the various parts of the body. 	 The body 
parts, or 'segments' are usually defined as the relatively rigid portions 
lying between the natural joints of the skeleton. 	 For example, the upper 
leg segment commencezi at the hip joint and terminates at the knee joint. 
F.xperimental data on serments have been obtained by cutting cadavers 
at the natural joints, and then measuring and weirhing the parts. 	 Simple 
balancing and oscillation tests have also been conducted, and the linear 
dimensions, masses, mass centres and n-lor,ents of inertia of the cadaveric 
segments are available in the literature. 
The term 1  semental model' is generally applied to the conceptual 
representation of the huran body as a set of segnental masses hinged together. 
Underlying such models are t4o fundamental assumptions: firstly, that the 
segments are trli]y rigid bodies, and secondly, that the mints by which they 
are connected are simple pivots, either hinje or ball-and-socket. 
Clenrly, neither assumption is perfectly correct. 	 Muscular contraction 
and other tissue deformation cause some variation in the shape and mass- 
distribution of a segment. 	 Again, the jo'nts of the human body are not 
perfect hinge or bail-arid-socket joints; a sliding--rolling contact is often 
nearer the truth. 
Nevertheless, the two assumptions are very- reasonable when one is 
concerned with the overall mechanics of the body. 
	
Indeed, it is doubtful 
whether any attempt at a more elaborate representation of segments or their 
joints is worthwhile; the cadaveric masses and dimensions upon which mot=els 
are based cannot be very precise. 
	 One ray well imagine how difficult it 4s 
to cut a cadaver at the hip joint and leave the 'right' amount of tissue 
attached to the upper leg eegTent. 
The purrose of all segmental models is to depict with reasonable 
simpl5 city and accuracy the changes of body mass distribution which occur 
r7 
8 
as the limbs and trunk are flexed. No pretence is made o represent the 
actions of olscles and ligaments around a joint. 	 A ser;.mental model is 
concerned with changes of body configuration and the relative motion between 
the hinged segments, but nct with the means by which these relative motions 
are brought about. Nonetheless, a segmental model may yIeld data which is 
useful in the analysis of muscular and ligamentous action about a joint; a 
suitable model of the joint itself, with bone dimension and muscle attach-
ments is also necessary. 
2.2 A Review of Previous Work 
Almost a century ago Braune and Fischer (1) dissected three cadavers 
and published the mechanical properties of the segments. 	 For about seventy 
years thereafter, there seems to have been neither the desire nor the 
necessity to extend their work. 	 Spurred by the U.S. Astronautics programme, 
however, Demp ter (3) took on the task, using eight bodies and producing a 
comprehensive set of figures which are the basis of all the modern segmental 
models. 
Williams and Lissner (13) summarise Dr?mpster's work in a convenient 
form, and Dyson (4) quotes some slightly different values, which also arise 
from the Astronautics programme. Neither of these texts makes much use of 
the segmental model as a tool in body mechanics. 
Whitsett's report (11) is an example of the way in which a segmental 
model may be used in a sophisticated mechanical problem in Biomechanics. 
He develops a 'mean-man' model from Dempster's figures for the segmental 
masses and lengths. 
	 He represents the segments by simple geometrical solids, 
such as spheres and tapered cylinders, and uses their properties to compute 
the moments of inertia of the segments and, by summation, of the whole body. 
Whitsett applies his model to the problem of human manoeuvrability in zero- 
gravity conditions. 
	 Despite the interest of Whitsett's applications, his 
report is mainly of value in that it presents a carefully constructed 
segmental model and much :Tore information on mechanical prop3rtieF, than was 
9 
previously available. 
Santschi, Dubois and °motel k6) carried out experimental worl.c on 66 living 
subjects, measuring the mass-centre locations and moments of inertia of each 
subject in eight different body positions. Their apparatus was a large 
tubular-steel frame which was swung as a pendulum, with the subject constrained 
inside it in the required body configuration. The report also records a 
comprehensive set cf anthropometcic measurements on each subject. 
The work of Santschi provides valuable information on the whole-body 
mechanical properties of a good range of subjects (aviation employees aged 
between 21 and 51). 	 It is an unfortunate fact that such whole-body measure- 
ments can not be manivalated to yield data on the segments. 	 It is imPosoible 
to separate out the mass of a segment unless some assumption be made about the 
location of its mass-centre. 	 The latter would come from standard values 
such as those of DeTpster, and it is necessary to combine experimental data 
on a living subject with average values from cadavers. 
Santschi's results are most useful norm against which to test se ental 
models. 	 The natural test is to use a segmental model to predict whole•body 
mass-centre and moment of inertia values for the configurations used by 
Santschi in his experiments. 
Hanavan (5) carried out such calculations and compared his values with 
those of Santschi. His segmental models were, however, an advance on 
Previous efforts. 	 ile attempted to fit a model to each of the 66 Santschi 
subjects by incorporating some of the subject's anthropometric dimensions 
into the segmental model. 
	 Using simple geometrical solids, as Whitsett did, 
to represent the segments, Hanavan determined the dimensions of the solids 
from the anthropometry of a subject, and thereby constructed a 'tailor-made' 
model from which the subject's whole-body mechanical propel-ties were computed. 
These calculated values were compared with the Santschi experimental figures. 
The main body of this Chapter is concerned with some extensions to the 
theory of segmental models which spring from the interrelated works of 14,":iitsett, 
2.3 Dlans and Pxes of Rrference  
Figure 2.1 showe the th-ea planes, frontal, sagittal and transverse. 
which are commonly used to assist descriptions of body position and movement. 
The three co-ord::.nate axes, OXYZ, are chosen as a right-handed set, each 
being perpendicular to one of the planes. 
In this Chapter -;e regard axis OZ as fixed in the Trunk, parallel to 
the spine. Where changes in body configuration occur, the limb movements 
are assumed to be parallel to the sagittal plane. 
In this study two other useful axes are introduced. 	 YTH denotes 
'Y-axis through the top of the head' and YG denotes 'Y-axis through G' 
(the whole-body mass-centre). 	 Axis YG moves with the body mass centre in 
changes of body configuration. 
2.4 The Moment of Inertia Factor CILLEa9tor) 
(Mathematicai derivations are given in Section 2.12) 
The first three columns of Table 2.1 list the masses, lengths and 
mass-centre locations of Whitsett's segments. 
Whitsett's USAF mean-man has a stated mass of 163.66 lb, but the slai of 
the segment masses is only 1()2.22 lb. 	 The latter figure will be used in 
this work as the total body mass. 
Columns 3, 4 and 5 of Table 2.1 headed ri,q. and k, are proportions, 
obtained by dividing columns 1, 2 and 3 by M,H, and 1:1 respectively 
10 
(M 	 162.22 lb, H = 69.11 in • These body proportions d_fine the mass 
distribution cf a mean subject irrespective of his actual mass and height. 
Calculations in tPrms of these non-dimensional quantities yield information 
about all subjects who have mean-man proportions. The p,c and k ;tre usea 
to express body moments of inertia about axes YTH and Yid. 
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We shall call the non-diwensional FYTH and FYG the 'mcmert of inertia factors' 
for axes YTH and Y. 
	 From the column totals in Table 2.1:- 
71 	 = r .0564 0.24 5 0 	 YG 
t3AC4.4 	 Pi—,/st...1E. 
P L._ r-%,7--1 
,..-Ai 
`........ 	 ..' 
.z- 	 1 	 ------- 
-.........._ 4„,„ 	 1 
v 
, 	 ! 
x 
1 	
I, 
) 
LZ i 
SIC uC:?.. E. ",-?_ . I 
••••n••n••• ••••••••••••••.............M........=•n• •••• 
r-_•.‘7" 	 C E 
13,•••n•1•11,•11.6111.0M,.....•••=1.M,  •n• • • 
,,,--,.. 	 1 ,----- 	 x 	 4. 	 2 	 7_3 	 6 I- 	 a 	 Cf.' 	 (..(.) 
.'...../  
I 	 re- ' 
.+171 	
1 7-n 
......1 	 --I 	
-,..., 
I 
0;) 	 rY  E`r 
0,1 	 1 
e.t! 	 tr, 
c(-1 
t\I 
Cr. 
2 
7 
J 
irrn 	
c) ch 	 0 
0 ONO 
r, 	 0 	 Ci 
•n••rosommann••••maradr.ww•manrcOrmia0•••• •nes •• wawa Vr••1•1•.1•• •••.--now.- • n•n-. 	 1 
0 0 
..M.M.••n••{1111111.11.00.1•21•n••••JIMALINI 
4N1 
t 
0 
Ll 
••74 
• 
• 
••••-a) 
it! 
0 
7 
al--,=••••• •114"—.71.1.....-...11,116,  
.1M1.10.1n11.11111•MIL 
hemil•••~4•JAVNIMET•FMMI•n•••.”.M1 
reN 	 c 
cr 	 C) 
0-,  
47, 	 If 
• Iwaswo••••-alm•r•V,0•.4 .1.4.M•WWWOR.W.O..ms. 0•••••1.1• 1•11ANNM•11•WaaW,Mbf.PPO• .1•••• 	 ,..•••••••••• •.m nar. 
i 	
II 
-sm. -c.erirle -m.o....mama, m•i• JJ•11.111inle.l.k .7111R40.1 IPIP•11/Xl•M um., .1..vasTr..rwrwr.-......m....,.... ...................1 
0 
	
0 	 f 71 	 er:' 
. 0 	 • 
tr.. 
	
.• 2 	 tr 	
N 
._.. 
...,.••••••••••,a, 	 nom 	 Tara iff•eiry•n•• ••,....aresir NM" ANIMIriral,. 01IL 	 MerIPIINP7 
	 fl. 	 , •••• 	 QD, 
11 
2.5 Mom,,mts of Inertia for Bod-i_per.figuration Other 	 Standin 
a) Gra ical 	 De r mination of Shifts 
Shifts in limb position parallel to the sagittal plane may 	 represented 
-'n  
gra;hically, and the oh:r.F..7es in quantities influencing moments of inertia, 
IYTH and IYG' are easily determined by drr-4ing. 	
Figure 2.2 demonstrates the 
method. 	 Only columns (3) and (6) of Table 2.1 are 	 ,cted and the moment 
of inertia fac tors are disturbod only by changes in some of the k.. 
b) Reca3culation of Column Totals 
Table 2.2 gives the new k, and column summations nece:7ary for the 
evaluation of N.I. Factors for two new configurations. 	 These body positions, 
'arms over head' and sitting forearms down' ( AOE and SFD ) are two of the 
Santschi experimental configurations for body moment of inertia. 
Table 2.2 gives nondimensional data for the recalculation of body 
moment of inertia in the AOH and SFD positions. 	 The k. were obtained frori 
distances 	 measured on a quarter-full-size graphical representation of the 
model (Figures 2.2 and 2.8). 	 The d j divided by the standing height H, give 
the k. of Table 2.2 to six-figures in order that final M.I. Factor values 
may be accurate to four decimal places. 	 The numerical values for F 
	 and YTH 
FYG obtained from Table 2.2 are recorded in Table 2.3. 
c) Shift ETuations for Mcment of Inertia 
(Mathematical aerivations are given in Section 2.13) 
An alternative method for obtaining new M.I. Factor values due to 
limbshiftsisbasedontheeffectofavariation&k.for the shift of 
se&Lent j from the reference (standing) position to a new configuration. 
The Taylor expansion of 
7 1-2, 	 •N"- • \2' 
	
Yc.; 	 : 
- 
12 	 . • 	 . ( 
gives 
= kly 2 4— Al< dt. Ft"	 2 	 ( 1." • 	 a r-o. 	 n N, 	 (1  _ 	 r 	 K • 1 4- k 	 zj - 	 •  
	
• . . 	 2• 	 — 
	
The variations 
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Ak2 of segment 2. 
	 Alteration of the relevant suffices in equations (2.5-2) 
allows the shift of any other segment to be ra-presented. 
	 The nature of the 
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expresion for Fv14 perrit superposition of se mental chift effects to crve 
total M.I. Factor variat:on C, Fv, frcm its value.at the reference (standing) iTH 
position. 	 The expression for FyG is more difficult to handle. 	 The Taylor 
expansion of Fy0 as a function of more than one variable shows that the 
superposition principle cannot be employed for the effects of several segmental 
shifts on FYG. 	 A step-by-step process forP G  is proposed, allowing Y 
equation (2.5-2) to be used, but requiring a correction at each stage to 
incorporate the cross-product terms in the Taylor expansion. 
d) Numerical Evaluation of the shift Equation 
(numerical examples are given in Section 2.14) 
Equations(2.5-2)maybeuseddirectlybysubstitutionofthe41.1s.for the 
shifted segments, with straightforward superposition for FYTH and the 
additional correction procedure for FyG. 	 Computerisation of the processes 
is simple and might be employed in a sialulation of body motion in which 
continuous variation cp,7 body moment of inertia takes place. 
e) Generation and Use of Z\k Tables 
(The Tables and Numerical Examples are given in Section 2.15) 
Equations (2.5-2) have also been used to generate tables for the effects 
of segmental shifts. 	 The effects of individual segmental shifts are read 
from the tables, and superposition, with additional corrections in the case 
of F
YG'  is employed for the total M.I. Factor variation. 
	 This technique 
is rather faster than substitution into the equations if manual calculation 
is considered. 
	 Alternatively, the tables may be used as a check on the 
substitution procedure. 
Body 
Configuration 
Standing 
(reference) 
Arno over head 	 0.2,08 
(AOH) 
Sitting, Forearms 	 0.1875 
down (SFD) 
0.2A50 
YG 
0.0564 
0.0744 
0.0340  
Table 2.3 
M. I. Factors 
Tdcntical results were obtained by Column Total recalculation, 
substitution into equations (2.5-2) and the Ak Tables. 
i3 
14 
2.7 Further Development of the Homent of Inertia Factor 
The concept of the moment of inertia factor has led me to three ideas 
which are expanded in subsequent Sections. 	 The full development and 
exploration of the non-dimensional forms, their extension to three-dimensional 
body configurations and their use in motion simulation Programmes will be 
of value, but goes beyond the scope of this work. 	 The applications covered 
in the next three Sections are:- 
a) The relationship TyG 	 f( NHL ), suggested by the form of the 
equa ions (2.4-1) and applied to both experimental and segmental estimations 
of body moment of inertia to facilitate comparison. 
b) The examination, by small error theory, of the effects of small 
variations in the segmental parameters p,q and k upon the total body moment 
of inertia. 
c) The development, from ideas arising out of a) and b) abeve, of a 
systematic correction procedure to improve moment of inertia estimates based 
upon segmental data. 
Although 
FYTH 
is of simpler form, attention will be mainly on FYG, 
because the experimental data of Santschi is given in terms of moment cf 
inertia about axis YG. 
As a preliminary step, the Santschi results were examined and the values 
of IYG for the standing position were divided into two sets. 	 Figure 2.3 
shows the grouping of the points. 	 The central group of 40 subjects are 
hereafter termed the 'Main Cluster'. 	 Their moments of inertia fall in a 
well-defined ellipse and their body masses are not exceptionally hiEh cr low. 
The separation was carried out by inspection and it was expected that the 
Main Cluster would exhibit less extreme properties than the remainder of 
the Santschi subjects. 
2.8 The Relationship lyG 	 f(MH2) 
e, The M.I. Factor equation, having the form Ilyc 	 . / pointed to the 
plotting of both seermental moCiel and experimental values of momeIat of inertia 
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against the cuantity ME. Neither Santschi nor Hanavan gives any graphical 
representation of moment of inertia estimations for the 66 subjects, although 
the former derives regression equations such as - 
IYG 	
- 212.0 	 5.43H + 0.46M   (2.8-1) 
with H in inches, M in lb and 'lye in the unpleasant units lbf.in.s2. 
Despite their ugliness, it is convenient to retain them for graph plotting 
and to convert the M.I. Factor values to the same units as necessary. 
Conversion is by:- (lbf.in.s2) = (1b.in2  / 12 X 32.2) 
Figure 2.4 shows four sets of results and brings out the value of the 
relationship IYG f(MH
2) as a basis for comparison of the various methds:- 
a) Santschi's experimental values are shown as a 'Main Cluster' and a 
remainder. 
b) Santschi's regression equation, (2.[1-1), is transformed tc a family 
of lines with H as parahleter. For instances, with H = 7C equation 
(2.0-1) becomes:. 
IYG = 28 + 0.46M 
which can be recast as:- 
IYG 
. 28 + (0. 46/702).mH2 
This is the line for H 70 in Figure 2.4 
c) The N.I. Factor equation IYG 0.0564.M 
2  H gives a line through the oric; 
a) Hanavan's 'percentile models' give five points fitting the Santschi 
values very well. 
The graph demonstrates the unsatisfactory nature of the M.I. Factor, 
	
A 
line through the origin, representing the M.I. Factor equation, is a poor fit 
to the experimental results. While a regression line could be derived by 
least squares fitting, there is mere insight to be gained from modifications 
to the M.I. Factor which have a fundamental link with the physical variables 
in the p-roblem. 
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2.9 	 Error Tho'ry A-erliei to Seamertal paremeter Vari.Pticns 
(Mathematical Derivations and Nurerical :tlx.ameles are given in Section 2-15 
The departure of subjects from mean-man body proportions makes it 
important tc) consider the influence of moderate fluctuations in the se,mental 
parameters p,o and k. 	 If these variations are within 100 of the Whitsett 
mean values, small error theory gives a good indication of their effect on 
the body moment of inertia. 	 The subject is considered in the reference 
(standing) position throughout. 	 The variations in the k now represent 
changes of position of segmental mass-centre locations, not the effects of 
limb movement. 
Variations in the p values denote the sharing of mass between the sements 
in different proportions. 	 The q are involved only in small 'local' moment 
of inertia contributions and we shall not deal here with q-variatiens. 	 The 
Head-Trunk segment forms a special case and changes in its 'local' moment of 
inertia due to q-variation are considered later. 
The method uses the first-order error relations formed by terminating the 
Taylor expansion at the first derivative. 	 Numerical results may be 
summarised as:- 
a) A 10% reduction in Head-Trunk mass, balanced by a 10r0 increase in 
massofbothupperlegsp1.-0.1.01; 0.1 p1  ) produces 
a change in FyG 	
D 
; 
F/ 	 -0.0093 	 ( 	 0.9% ) YG FYG 
b) A 10/0 increase in the distance of the Head-Trunk mass-centre from 
axis YTH (c; k1 	 4- 0.1 k1  ) causes a change in 1 	 FYG •  
YG ./F YG  e. 	 -0.082 	 ( 
Concentration of interest on the Head-Trunk is justified because of the 
predominance of its contribution to the column totals in Table 2.1. 	 e'ti'iese  
examples suggest that one need worry little about inaccuracies in the p values 
of the segmental model, but an inappropriate value of k
1 will lead to 
significant errors in the IyG calculated from the model. 
I 
2.10 ThP Davelorment of a Cor-ectien Pr:)cerliire for mement 	 Inertia YacLnrs 
The Santschi data on 66 subjects includes the distances of the whole- 
body mass centres from axis Y. 	 These experimental values, L
z
, are plotted 
as dimensionless cuantities, 
 
tLz /H) in Figure 2.5 and the corresponding 
whole-body value for the mean-man, (7p.k. ) is given for comparison. 
This informative graph shows that a3 most all the experimental body mass-centre, 
lie below the position given by the Whitsett segmental data. 	 Thus, any 
adjustment in the basic model must lower the whole-body mass-centre to give 
better agreement with the experimental data. 	 Figure 2.4 Points to a second 
requirement, namely that model modifications should result in general 
reductions in the prPdicted whole-body moments of inertia, o. 	 The v 
calculation which suggests that both of these aims may be achieved by a 
simple correction is that given in Section 2.9 b). 	 The argument runs as 
follows:- 
If the Head-Trunk mass-centre is lowered (k1 is increased), the body moment 
of inertia is reduced. 	 At the same time, the whole-body pass-centre will 
be lowered ( 	 pk. is increased ). 
	 The correction now to be explored 
- J 
begins with the numerical value of the discrepancy between each experimental 
L~IH and the mean-man value. 	 This discrepancy will be ascribea entirely to 
displacement of the subject's Head-Trunk mass-centre from the mean man 
Having corrected the subject's k1 in this way, the equation 
underlying Section 2.9 b) is employed to calculate the effect of the new k. 
on the whole-body moment of inertia I G. 
The deri7abion of the M.I. Factor correction equation appears in 
Section 2.16 where it is shown that:- 
\ 
- C
• 	
rX 	 C7 	 ; -77 	 C 	 / 	 •' • )( 	
IK • 
•••• 
To apply this equation as a systematic subject-by-subject mo,liel 
correction for the moment of inertia values in Table 2.1 ( standin;3 position ) 
it is necessary to substitute specific numerical data frcm the Table. 
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2.11 Numerical Evaluation of Moment  of Inertia Corrections 
•nnnn•••n•.MM. 
	
a) An examinl,n or te-, 	 n-- _ 	 __,,ceaure  
lake Santschi's subject No. 13 for whom:- 
L
z 	
in 	 L 	 . 0.432380 
	
= 	 „la 	 MH- 	 . 55.88 X 104 ibmin2 
M= 153.9 lb 
	
Uncorrected: 	 IV 	 • 0.0564 X 55.88 X 104 / 12 X 32.2 P 
Correc ted: 
• 81.6 lbf.in.s2  
F  YG . 0.0564 - 0.2857 (0.438080 - 0.434285) - 0.055 
A 
I 	 = 0.0553 X 55.88 X 104' / 12 X 32.2 
= 80.0 lbf.in.s 
Experimental: I, . 78.5 lbf.in.s2 
1 1A 
Model errors above experimental value: 	 Uncorrected 	 3.95510 
Corrected 	 f 
b) Computation for all Santschi sy_bler:ts 
A computer programme was written to facilitate the investigation of 
this correction procedure for all 66 Santschi subjects in several of the body,  
configurations used in his pendulum experiments. 	 Tt iz at this stage that 
we enter upon the field of 'tailor-made' segmental models which Hanavan has 
so ably explored. 	 His model corrections called for 25 anthropometric 
dimensions to be taken on each subject, most of which were already recorded 
in Santschi's monumental work, but whose incorporation into modified models 
required a fairly long computer programme. We shall find that the simple 
correction based on the single factor (Lz f E) has something to offer, both 
in simplicity and in its obvious ties with body mass-distribution. 
	 Thus, 
comparisons will be made between the Hanavan moment of inertia predictions 
and those obtained by the equation presented in Section 7.10. 
Hanavan assessed his own results by comparing hiF model values with 
the Santschi experimental moments of inertia and presented only the median 
I 
and interquartile range of the el...ros between thc two se to of values. 
Similar comparisons bctween my predictions and the Santschi figures will be 
made, and. errors expressed in the same way. 
A typical sot of data for these comparisons is given in Table 2.4 
The last two columns of this table derive from the computer programme, which 
also produced the mean and standard deviation cf the error column. Median 
and quartile values of the errors were obtained from the cumulative frequency 
plot for all 66 subjects shown in Figure 2.6. 
The effect of tne correction procedure is well shown by the more 
detailed representation of Figure 2.7 
	
The corrected values are, almost 
without exception, moved down from the elementary M.I. Factor line predictions 
toward the cluster of experimental points. 
c) Extension of the correction_ procedure  
Further application of the correction procedure follows tvo lines:- 
i) Investigation of the effect of the Whitsett 'local' moment of 
inertia for the Head-Trunk segment (Table 2.6, Section 2.12) 
ii) Predictions and comparisons for two other body configurations, 
'arms over head' ( SOH ) and 'sitting, forearms down' ( :.-3-F ). 
The results of these calculations are summarised in Tables 2.5 (A) and 
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Chapter 2 	 Part 2 
Mathematical Derivations 
and 
Numerical Examples 
21 
2.12 Deriws.tion of th !\4 7-cnt of Tn7,rtia FactcLaaaLiaI2 
For the reference (standing) position r,+' Figure 2.8 the whole-bod:r 
moment of inertia IYTE  is to be evaluated. The moments of inertia of 
individual segments about their own mass-centres, (the 'local' values), are 
taken in the form m12/12. 	 This assumrtion is justified at the end of this 
Section. 
Moment of Inertia of segment j about YTH 
4 -.3 	 4. rrr, CDIZ 
12 
1,01H2(t5J9'j 12 
Moment of Inertia of all segments, giving whole-body value. 
.'4TH  = M 42 ( 	 71 '4  
12 T  
M 	 YTH 
M.1.1..1 1.••n••• • •nnn••• •n•• • n  
FYI 
	
4 
j 
defines the moment of inertia factor for axis YTH. 
Similarly, 'yr, and its corresponding M.I. Factor, FyG are obtained 
as follows:- 
So that 
	
iy4 =M1--t
a Z 	 h ) 
	
3 	 12. 	 4  
cur\ F7 te7: Yq 	 — — t_. 	 "J 
Note that S p .k. gives the location of the whole-body mass-centre 
from ITN, and that F 	 and FYG are related by the Parallel Axes Theorem. 
The assumption of the expression m12/12 for the 'local' moments of 
inertia of segments implies that they are regarded as uniform rods. 
SuzTrisinGly, the simplification is not seriously in error except in the 
case of the load•Trunk segnent, as the following comparisons indicate:- 
tr IV 
(LL) 
r-..›‘er; 
F !Cu Q.E 2. LJ 
5;  0 P.,1 1-.77) F-0 fat t•1< 	 NA TC3F: N.1 
,2  
.26t.; kz dzik (0 
2:; 
€d" 
k = c:4G/H 
UNIFORM 
RODS 
WHITSETT 
SOLID 
SEGMENTS 
2\ 	 A Table 2.6 Values of 	 X 10  for uniform rods and. Whitsett solids 
t) 
22 
SEGMENT 
H - T 	 BUA 	 Ba 	 BH 	 BM, 	 BLL 	 BF 
1390.000 	 22.267 	 7.779 	 0.393 	 105.406 1 52.827 	 6.840' 
	 L._ 	 1 , 	 1 
681.103 22.553 
	 8.044 i 0.575 	 111.470 53.437 	 4.022 
Because of the satisfactory estimate they provide for the 'local' moments 
of inertia of segments, the uniform rod values for p.q.2/12 are retained in 3 J 
the general development of the M.I. Factor. 	 However, the effect of the lower 
Whitsett 'local' value for the H-T was included for comparison in later parts 
of the treatment. 	 (Section 2.11 c) 	 and Section 2.16 c) ). 
2.13 Derivation of Shift E uations fcr Moment of Inertia  
a) IalpIEx2aasion of the M.I. Faccor Ex-ressions 
When the body configuration changes from the reference (stRnding) position 
thevariaticn.Lic.in the location of the mass-centre of segment j causes a 
modification in both M.I. Factor values. 	 The effect of this var!ation is 
expressed by the Taylor expansion of the M.I. Factor expressions. 
For the standing position:- 
)D-0 L. J ! 
Shift Lk2 in segment 2 only will be considered. 
fefrcz) ‘11-1.4 
In this case:- 
and the Taylor expansion, 
z a rt 
(kk 14.) = 	 + ac,../Ak,) +~!:2. (ki.) 
provides the result:- 
?-n-1 	 )*•711 	 - • 	 I 1 
Thus, 
Similarly for 
the expansion gives:- 
cro 	 21(2_4- L,Akz) 
ry = 	 j + 'j!<-. 	 Z IPj kj 12 
Yei 	 iq 	
— 4 
Thus, 	 ip2.11 	 k, - 2 R:, k:) 
	 - 
. . . . 
23 
b) Taylor Expansion for more than one Variable 
A change in body configuration will, in ;lost practical cases, involve 
the shirt of more than one segzent. 
	
While it is tempting to assume that the 
single-segment effect derived above may be used in some form of superposition 
principle to obtain the combined effects of several segmental shifts, the 
validity of such a procedure must be justified. 	 Here, then, we consider the 
M.I. Factor to be a function of more than one variable EO that the Taylor 
expansion expresses the simultaneous effects of shifts in several segments. 
For simplicity, the derivation will be carried out for shifts ia two secTments, 
A k, and k • 	 7 • e. 	 1 
In general, for or- V- 	 c(k2:14:3) YTei 
 
 
kz + t.i k 	 t< Z 	 •••• "I • IN - 	
r/I 	 , 
, 4- v. 1 
-3/ J.. L.• fr,  3. _, 
, 	
mzr 
0 r 	 t 
4-11inLer cieriVCLtH'IeS .... (2, 
 both F
YTH 
 and F all derivatives above the second vanish. 
YG  
4. I-  cross-product v In the expansion for. FYTH' the 	 term, 	
?k2. C)kz 
also vanishes, because 
Qrck - 
But for IP Ipri the cross-product term involves:- 
r 	 • ! tp k 2 	 I-, 	 24"2.1P3 
The presence of this latter tern destroys the validity of the super-
position principle for a sequence of segmental shifts 'lc2. Lk, influencing *-- 	 ' 	 ) 
F The total variation, given by the terms of the Taylor expansion, cannot Y ne u 
be representcA. by the arithmetic summation of the effects cf the individual 
shifts. 	 In the case of 
FYTH' however, superposition may be applied, because 
the cross--product term vanishes identically, and the expansicn is a statement 
of the additive relationship:- 
c 
F.  r / .< 
which is the underlying meaning of the superposition principle. 
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c) Tall Frror Theory, Termi-lation of the Taylor Series 
In triis treatment the full Taylor expansion is reduced to the sim,ler 
first-order form which is adequate for small error variations in k and p; 
the Taylor series is terminated at the first•derivative terms. 
i) Consider first a small variation in D1 	 the mass of segment 1 	 H-T ). 
The overall condition 	 s 1 (sum of segment masses = whole body mass) 
must be kept. 	 Take the case wnera mass is removed from the H--T, segment 1, 
and added to BUL, segment 5. 	 No change in k1 , k5 or any other p, :l or k 
occurs. 
The variation in Fya is now given by:- 
• 7. 	
• 	 L 	 z\ (s h. 	 L J c'1 .i 4_ 	 [5- i),) ,(J-.1 Dt), 
= k 9,7 4_ 
	 - 2 
	 Ips 	 + k5 - k s► 
12. 
Taking 8D1 =-0.1 D1  , which requires ,S pc = 	 0.1 	 , and using other '
numerical data from Table 2.1:- 
tq 	 \ ea: 	 C X . '5 5 L 	 — 	 4- 	 — 	 — 2 )( 0. 1, A 0 . 558 I 
	 c- -.  12. 
Nrk5:..):, X 0.2 [.3 30 	 - 0.2 x 	 0.2,o3 !;.< o.4343 
= 0. 000 51 
• ',/c7 	
. C,(2) 0 	
_ 	 . 0052. 
	 - 0 \ 	 . ana - 
A 10-'1 shift in mass from segment 1 to segment 5 produces a reduction of 
only 0.9Z in
YG  and in the IYG calculated from it. - 
ii) Corsider now a small variation in k1' the mass-centre location for 
segment 1 ( E-T). The first order variation in YG is given by:- 
2. P1C #/• 1 4..lb•. 
	
--[e 
	 i J 	 ":1 
7kki CK1 
Numerical data from Table 2.1, with the assumption Ck/ 	 0.1 k1 ( a 10A 
increase in k1) gives:- 
Fy 	 Z k C.` '55; 
	 (;'1 4 (-o. 
	 - 0.004-f- :5 
(CF.Yr 	 0.0CN/5 Onci 	
. ) •- 
	
	
-7--;14:41 s'ecl 
The 10-T% increase in k1 
 causes an 8.2$ reduction in FYG' and the same 
percentage cnange in the
L calculated from it. .r 
2.14 A Numerical Example of the Use of the Shift :imu2L2ns for New 
?2LlyConfigurations  
Change in FYTH for a Shift From Standing to A 0 i position 
From Table 2.2 the relevant data is:- 
	
P2 = 0.063 	 k2  = 0.264505 
	
k2 = 0-164665 
p
3 	
0.037 	 k 7 = 0.432788 - 0.497902 
	
= 0.014 
	
k
4 
. 0.541600 	 Ak4 	 0.716684 
-r 
From Section 2.13 a) 
11' T H (21K-1 4- A 
By superposition, the total variation 
L1 
 rYTL{ 
	 0. 0 	 so 	 (SECMEI-n- 2. -ZIA) 
- o.occo77:.z. 	 V 7.:WT 	 SFA.) 
- O. oo3C-77 	 E.c.N.izt-t#T 4 - c;IA 
c. 	 F,„.0 	 0.0i 4 ZZo 
culd
MI `, 
fitioy-4) = 0.24So o.o 14-2 ao 
0.2308 
2.15 A Numerical Example of the 'use of ,Nk Tables for a New Body 
ConfLaallon 
Change in YG for a Shift From Standing to S F D Position 
a) From Table 2.2 the relvant data is:- 
p
5 
 = 0.201 	 k5 	 0.599479 	
Ak
5 
. 0.091593 
Dr = 0.099 	 k6  = 0.829257 	 Lk 	 . 0.188251 
- o 
p
7 
 = 0.030 	 k7 
= 0,980176 	 Sk, = 0.182897 
p .k . = 0.434285 
b) Section 2.13 b) shows that superposition cannot be applied in the 
case of 1'YG variations due to several segmental shifts. 
	 Consideration of 
equations (2.13-1) to(2.13-4), however, leads to a step-by-step modification 
of the superposition principle. 	 For shifts in segments 5 and 6, we take 
FYG = f (k5,k6) 
11-‘c.r 
	 f(ks4.•Lks) 	 L\k4. 
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from which the charge in FyG due to Lic. and Ak6 is:- 
yr..7 • 5,c, 
tJ.c6r11/2'1N%, 	 0  
For two segmental shifts the superposition principle is modified only 
by the inclusion of the final cross-product term. 	 Extending this idea, the 
further effect on PYG  of a shift in segment 7 
can be shown to be:- 
- 
(sA 	 -k.-2 7 	 7 ).7 L  b 	 At 1 	 rYG 	 4,4 4- 
In tre rresent example, only three shifted segments are involved, but 
the pattern for more segmental shifts is apparent. 	 These equations appear 
umwioldy, but the first two terms in (9.15-1) and the first in (2.15-2) 
are easily obtained from the M Table for FyG, 
cross-prcduct terms are simple to compute. 
Table 2-1 • eb• The remaining 
ci As an example of interpolation in Table 2.8 take segment 5 ( BUL ), 
for which L\ k __ 	 - 0.091593 7 
F2CDT-01 THE TABLE:-  
A Fve7 (5UL—) 
— 0_ 0C4-7 
BY LINEAR ,r.:rEsz.pot__Ak-r1c).,1:- 
(AC— )6  — 0.004:7205 
4\k 
— G.08 
-0.1 0 O . 0 0 'L.,: 0 
  
d) Calculation of FYG for shifts of segments 5, 6 and 7 
Contribution 
Segment 5 ( BUL ) Table 2.8 
Segment 6 ( ELL ) Table 2.8 : 
Cross-product term 
Summing 1,110 ) 
es 5,6 :- 
Segment 7 (BF ) :- 
Cross-product term : 
Summing again yr 	 71.7. 
- 0.0047205 
- 0.0115530 
- 0.0006862 
11..1.0...m.....m.111••n•••••••=111=11.• 
- 0.0169597 
- 0.0050162 
- 0.0004065 
- 0.0223824 
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Direct substitution into equations (2.15-1) and (2.15-2) leads to an 
identical result, but with experience the tabular method is somewhat faster 
for manual calculation. 	 The time of computation for a major six-segment 
change in configuration, including the graphical construction for /Vic values, 
can he reduced to about five minutes. 
2.16 Derivation of the  Subject-Based  Correction for 71..T. Factor 
a, 	 the reference ' stand Iy ) Position 
The correction is based on the fcllowing 
(i) The subject's mass-centre location, Lz/H, from axis YTS?, is different 
from that of the mean-man, Tp,k. (Figure 2.5) 0 J 
(ii) Assume that this difference is caused solely by a discre/pancy 
between the location of the subject's H-T mass-centre and that of 
the mean-man, (k1 in Table 2.1 ) 
(iii) Calculate the adjustment in mean-man k1  to equate the model 7.  
the subject's L: /HT 
(iv) Insert this adjustment into the formula for FYG to calculate its 
effect on moment of inertia predictions from the modified model. 
The equations are modified as follows:- 
Difference between subject and model whole-body mass-centres:- 
(ii,iii) Shift Ak1 which completely accounts for this difference:- 
4 	 (1._zi;_t 	 • 
J ) 
(iv) Substitute into: 
Ak (k 
	
r;- 	 2 	 LT 	 • 
	
,"	 ic•I) 9.1 
Numerical values from Table 2.2 give:- 
This is a corrected value for F
YG for the standing position and was 
.k. to 
J J 
( 1 ) 
to obtain:- 
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b) S21)cct-based corr3ctions for other body confi?urations 
All the computational m thcds and tables presented in this chapter have 
been derived for situations in which the Head Trunk remains fixed in the 
reference position, and the other segments move with respect to the H-T. 
Thus, ki, for the H-T remains constant during changes in body configuration 
and the only change in k1 is described in the correction procedure above. 
There is, therafr,re, no difficulty in applying the subject-based correction 
to new body configurations. 	 As an example, take the SFD positions:- 
The starting value of FAG  is taken from Table 2.3: 
FYG 5rD ) 	 0.0340 
The correction, based on the subject's Lz/H, is the same as for the 
standing position example a) above: 
YG 
	
. 0.2857 (Lz/H - 0.434285 ) 
Thus, the corrected FYG bccomes:- 
-Y P G  (corrected) 	 - 0.0340  
It is also an easy step to insert FvG starting values based on the 
Whitsott 'local' value for the H-T segment (Table 2.6). 	 Some of these 
values arc given in Table 2.3. 	 The results of the correction procedure  
for all 66 Santschi subjects in three body positions have been summarised in 
Section 2.11 c), Table 2.5. 
0.2557 (Lz/H 0.4342 65 
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Chap..ter 2. 	 Part 3 
Discussion 
2.17 Discussion of  the M.I. Factor T2Lniaaes 
Comparscn has been made in Section 2.11 between Hanavan's results and 
those obtained by the use of the moment of inertia factor. 	 The values quoted 
are only a small example of j: nave 	 work. 	 He produced model predictions of 
moment cf inertia for seven body configurations with three principal axes of 
reference, and in all twee-one of these combinations obtained results of the 
order of accuracy indicated in Table 2.5 b). 	 He then proposed a condensation 
of the procedure by setting up five representative models spanning the range 
of anthropometric data given in the Santschi report. 	 These 'percentile' 
'models, typifying the median, quartiles and 5th and 95th percentiles of 
Santschi's range of sub jets, were used by Eanavan to give a coliprehensive 
set of moment of inertia data for thirty-two body configurations. 	 The points 
plotted on Figure 2.4 (Section 2.3), indicate the ties between the percentile 
models and the experimental results. 
	
This treatment of segmental modelD 
'tailor-made' to the subjects requires computer programmes rannin to 56 pages 
in Hanavan's report. 
The work on the M.I. Factor does no more than point the way to a new and 
possibly fruitful line of investigation into segmental models. 
	
The results, 
as trey stand, compare favourably with those of Hanavan. 	 One great advantage 
is that the calculations for M.I. Factor are essentially very simple. 
Programing may be desirable to handle the results for a large number of 
subjects, but the working part of the programme runs to only a few lines. 
The purpose has been to explore an idea which Tay throw some light on 
the pattern of human moment of inertia, and therefore upon m,, ss-distribution 
and body form. 	 At the same time some suggestions for speeding Up the numerice, 
processes involved in calculating moment of inertia have emerged. 
	 Braune 
and Fischer (2) used non-dimensional coefficients for secmental length, mass 
and radius of gyration: 
	 Yurther, Whitney (12) has us d dimensionless ratios 
based on Derlpster's figures to express segmental moments of inertia, and the 
concept of 'moment of inertia factor' may have occurred to other workcrs. 
11  
11P1 
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; 	 The elements of this Chapter which appear to be novel, but quite natural 
consequences of the first idea are three in number. 
a) The plotting  of moment of inertia against •H 2 
For both experimental and model results, this form of graph condenses 
much material into an informative diagram ( Figures 2.4 and 2.7 ). 
Comparisons are made easy, and the good and bad points of segmental represen- 
tations are highlighted. 	 It must be elphasised here that prediction of moment 
cif inertia is a stringent test on the accuracy of a model and for this reason 
the hehaviour of the M.I. Factor is worthy of attention. 	 Clearly, there is 
_ 
a fairly high correlation be 	 I and 2  , and the regions of the graph 
occupied by experimental results from different subject populations should 
give some insight into patterns of body mass distribution. 	 Santschi's 
subjects were factory personnel. 	 Though there is no available data, athletes 
may well exl:ilait a significantly different moment of inertia pattern. 
Subdivision on the basis of specialisation in throwing, jumping or track events 
might identify eharacteristics of body build suitable for specific activities. 
Experimental work in this field could be related to Somatotypins, on ihich a 
note is given in the next Section. 
b) The invPstigatior of methods for calculation of body moment of inerti 
This line has led to the Column Total, Shift Equation and ZA:-Table 
methods for two dimensional body configurations. 	 Tn each case graphical 
construction is recommended to establish the individual segmental shifts. 
The numerical examples in this Chapter may suggest that the methods ara 
unwieldy, but a little practice enables short-cuts to be taken and, by any 
method, moment of inertia calculations could hardly be reduced to a shorter 
lorm. 	 The preliminaxy graphical wcrk might be avoided by the formation of 
some additional tables relating a range of segmental positions to the shifts 
Lk which they represent. 
Extension of the procedures -.would allow the estimation of moments of 
inertia for three-dimensional se€mente.1 snifts. 
	 The graphical weirk wou]d 
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involve three-dimensional projection methods and the 'local' mo;sent of 
inertia of segwents could be ext.ected to vary. 
c) The exploration of a subject-based correction -procedure 
These troposals were based on the divergences shown up by Figure 2.5. 
The work is capable of refinement and extension. 	 Other body configurations 
and axes of reference should be investigated and may point to improvements 
in the correction technique. 	 The validity of the approach may be further 
checked by direct measurement of moments of inertia of a larger sample of 
subjects than are provided by the Santschi report. 
The work on M.I. Factor has proceeded alongside the other investisations 
described in later Chapters. 	 It has not been possible to incorporate 
the results in subsequent calculations and the Whitsett segmental values 
have been used for the computation of body forces. 	 Nevertheless, extensions 
of the work to rotational motion (Chapter 5) and the programming of such 
equations in a general force-analysis scheme (Chapter 6) will call for a 
treatment of body moment of inertia variations as the configuration changes. 
The M.I. Factor developments offer some assistance in this field. 
2.18 A Note on Somatotypinss 
Sheldon's pioneer work, 'The Varieties of Human Physique' (7) proposes 
the system of Somatotyping as a means of classification of body forms. 
	
His 
procedure is best carried out with standardised photographs of the subject from 
which essential body dimensions are taken. 	 The aclject's mass and height 
are also needed. 
Sheldon provides a set of tables by mans of which the measured data 
may be converted into the three-digit Sornatotype rating. 
	 The digits 
represent, in order, the measures of endomorphy, mesomorphy and ectomorphy 
assessed by Sheldon's scheme. 
	 As the procedure is fairly well-known and 
clearly laid out in Sheldon's book, there is no need to describe it here in 
detail. 	 Somatotypinr was conceived in order to establish linko between body 
form and psycholozical traits, and it is Sheldon's aim to investigate such 
relations. 	 'We may, however, expect to find more direct ties between the 
Soma totype and mechanical properties such as moment of inertia. 	 Both 
quantities are strongly dependent on the distribution of matter over the body. 
Thus it is pertinent to speculate whether Endomorphs, as a group, will 
exhihit large moment of inertia as compared with the other main groups; or 
we way expect that one grout will tend to have a higher body mass-centre 
location than the others. 
A full consideration of these problems would call for more data than are 
given in the Santschi report. 	 Although there is correspondence between one 
or two of Santschi's anthropometric dimensions and those used by Sheldon, it 
is not possible to follow out the full procedure for Somatotyping. 	 However, 
it is possible to make a tentative approach via the Ponderal Index, which is 
one of Shelc!on's parameters. 	 Bearing in mind the proviso that Sheldon's 
subjects were college students and that the Tables apply strictly to a 
similar age group, only a pointer for more detailed work can be given. 
From Sheldon's Table 23, it is clear that subjects with a Ponderal index 
(H/ 3iM) of 12 or less are rare, and high in endomorphy. 	 The likely 
Somatotypes in this range are:- 711, 731, 721, 712, 641, 631, 551. 	 For 
some of these types, Sheldon uses the phrases:- 'huge head ... enormous chest 
legs enormously inflated .. most massive of all physiques ... 	 ;'here are 
only four Santschi subjects who fall into this category, using the Ponderal 
Index as criterion. 	 These are subjects 56, 10, 17 and 44. 	 Althouzh all 
four lie outside the Main Cluster, which suggests some tendency to unusual 
build, they do not represent the extremes of mass or moment of inertia. 
Subject 56 is, in fact, below the Main Cluster in Figure 23, and has quite 
low inertial properties. 
The three Santschi subjects who do show exceptionally high moments of 
inertia are the 'ast three in Table 2.2 of this Chapter, Subects 61, 5c) and 
55. 	 Their Ponderal Indices, thou7n, au not indicate extrewity in the 
Somatotyping rating. 
	 Table 23 of Sheldon shows their Poadee-al Indices, 
(12.9; 15.2, 15.2), to correspond to fairly average body builds. 
From these sketchy figures there appears to be no supple link between 
extremes in Somatotyping and in moment of inertia. 	 More detailed work 
would require photographs of the cubjecto, accurate Somatotyping and the 
consideration of several aiechanical properties. 	 Relationships are likely 
to be fairly imprecise but it may be possible to set, say, upper and lower 
bounds on the moment of inertia associated with a particular Somatotype. 
In any case, such a study could only throw more light on the variations in 
body form. 
Footnote 
Sheldon calls upon the Ponderal Index as a commonly used ratio based 
on the assumption of constant body density. 	 A remark by Sokoloff (9) throws 
some doubt on the concept. 
	
Sokoloff states that the correlation of M with H3  
is a little lower than that of M with E, for a given male population. 
Computation on the 66 Santschi subjects, gave  correlation coefficients 
of 0.593 for -14 with H3 and 0.596 for M with H. thus supporting Sokoloff. 
Certainly the ratio H/M is more easily evaluated, and seems at least as 
justified as the Ponderal Index u/ !M on the evidence of the correlations. 
The Ponderal Index springs from the assumption that the subjects to be 
compared are geometrically similar and that masses are proportional to 
17, 
length cubed ( 11). Some interesting results may be derived for groups of 
mammals with rough geometrical similarity and considerable differences in 
size. 
	
Thompson (10) and Smith (8) present some convincing arguments. 
However, the similarity concept seems to have been extended to comparisons 
between groups of human adults, and the Fonderal Index has been unsuestioningly 
accepted as a valid factor for such comparisons. The eviden e above suggests 
that, in human mass and length comparisons, the Ponderal Index may not deserve 
its hallowed position and certainly that extensions of the idea to explain 
athletic abilities in terms of body build must be examined carefully. 
	 In such 
arguments the inherent assumptions of constant density and siTtilarity 
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Plagenhoef's approacn to motion analysis 
)1 
3.1 	 Introduction 
The purrose of this Chapter is to state some fundamentals of mechanics 
which are useful in describing and analysing body movement. 
There is no point in belabouring well-known Principles, but in some 
published work and in personal discussion it has appeared that certain 
basic ideas are not well understood. 	 It is surprising how many of the 
fundamentals discussed in this Chapter have been disputed by persons of 
some eminence. 	 Professors Offenbacher (13) and Nightingale (11) have on 
separate occe.sions criticised the summation statement (5.3-5) below. 	 ''heir 
main contention was that the transmission time of forces through the limbs and 
joints destroys the validity of this equation. 	 The author's reply is 
contained in Section 3.3 cf this Chapter. 
Professors Offenbacher (13) and Alexander (2) have dicagreEd in del)ate 
with the author's statements on work and energy set cut in Section 5.5. 	 A 
lecture by Prof. Alexander in 1969 was in fact one of the first stimuli to 
much subsequent discussion or: the study of jumping. 
The author's treatment was arrived at over several years' teaching of 
applied mechanics. 	 In view of the numerous dissensions which arise in the 
field of biomechanics on what are termed 'elementary principles', the author 
is constrained to cite here some supporting texts although the developments 
presented later in this Chapter are not taken from standard works. 
Work and Potential Energy  
Den Hartog (4) in his well-established treatment states: 
	
 the forces that may act on a particle arise from various causes. 
They can be listed as follows: 
1. Gravity forces or weights 
2. Spring forces or other elastic forces 
3. Normal forces from a wall or other guide 
4. Frietion forces 
5• All other forces such as a pull on 
	 rope, steam 
pressure on a piston etc. 
a) 
.... in this article we propose to prove that the work done in overcoming th2 
first tyc kinds of forces is recoverable and is stored in the for of potential 
energy; work done by the third kind is zero, while work done by the fourth 
kind is not recoverable and is said to be 'dissipated' in the form of heat" 
Later: 	 gravity forces and spring forces are said to be potential forces 
while friction forces are disci' ative forces" (p.257) and finally "The work 
done on a particle by the external forces exclusive of the potential and 
dissipative forces equals the increment of the sum of the kinetic and potential 
energies plus the work dissipated" (p.259) 
Pars (14), from a mathematician's standpoint, also expresses an energy 
equation as T + V = 	 (p.446) where T + V is the increase in kinetic a:nd 
potential energy, and 	 is the work done by the nonconservative forces acting 
on the system. 	 If 13, 0 the equation reduces to that for a conservative 
system. 
These points clarify that potential energy is used in either conservativc 
or nonconservative systems with no change of meaning. 	 It is also clear that 
"normal forces from a wall or other guide" do no work on the system on which 
they act. 	 The latter point is important in Section 3.5 (i) cf the present 
Chapter. 
b) 	 Work done by internal forces inLystm 
Having derived the kinetic energy of a rigid body a 	 4-  
Den Hartog (pp.262-3) goes on: "Nov we are ready to extend ... from a particle 
to a large rigid body or to a system of rigid bodies, connected together by 
hinges or ropes • • • • 	 The internal forces obey the law of action equals 
reaction, so that for any internal force acting on a particle 'a' there is 
an equal and opposite force acting on a neighbouring par ticlo 'b', and if 
these two forces do not move with respect to one another the work done by one 
cancels that of the other 
	 The wcrk done ciy all external forces on a 
system of rigid bodies equa3s the increment in kinetic enersy in the system 
plus the work dissipated in friction in the joints cr connections." 
These statements support the development shown in FiEure 3.5, 
particularly the third stage dealing with a system of rigid bodies. 
Transfer of forces to the mass-centre 
A great deal of misunderstanding has arisen because of the common 
practice of 'transferring all forces to the mass-centre'. 	 The process is 
exemplified by Offenbacher's (12) paper discussed in Section 3.5 W. 
Den Hartog (p.135) proves that "a force acting on a rigid body which is given 
an arbitrary small displacement performs an amount of work that is the same 
for all locations of the point of application of that force along its own 
line of action. 	 We note that this statement is true only for small  
displacements 	 We also note that it is true only for rigid bodies, because 
if the body were deformable, the length A'B' would not have to be the same 
as AB". 
The discussion of Section 3.5 (i) is concerned with misconceptions 
springing from the transfer of ground force to the mass-centre and the 
incorrect statements about work which arise therefrom. 
General Energy Eq uation 
In Figure 3.5 the General Ener<i Equation is derived from the fundamental 
concept of energy balance in which all energy entering a system is either 
stored or emerges from the system in some form. 	 This is merely a matter 
of accounting, and the underlying principle appears in any text on engineering 
thermodynamics as: 	 --\„) „4J2  - U1 , that is, 'the net heat flow in, minus 
the net work flow out is equal to the increase in the internal energy of the 
syste1.0. 	 In Figure 3.5 the concept has been expanded by splitting the 
internal energy into parts relevant to a mechanical problem, and by regarding 
the energy into the system as having any form, heat flow included. 
e 	 Kinetic enerKy of a system 
mommwww••••w n• •=rip.• • n•  
autherford (6) provides further evidence of the unity of applied 
nethematics and scund engineering mechanics on fundamental principles. He 
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particles is equal to the kinetic energy of a mass equal to the total mass 
of the syst:?m_ placed at and moving with the mass-centre together with the 
kinetic energy of the system relative to the mass-centre." (p.45) 
This statement is at the root of the author's argument in Section 3.5(ii) 
Use of 4..n4/ alone is only a partial expression of the total kinetic energy 
a 	 of 2. system unless very specific conditions ( 'A' in Sec. 3.5 (ii))are stated 
and can he shown to apply. 
In this Chapter the emphasis is on the 'external' mechanics of human 
motion, rather than the internal interactions. 	 That is, the equations 
relating motion of the whole body to forces external to the body are the 
concern of this review. 	 A later Chapter attempts a description of the 
muscular and ligamentous action within the lower limbs. 
3.2 The Mass Distribution and Mass-Centre of the  Body  
Various secmental, models of the human body have been proposed, and 
Chapter 2 goes into some detail on the subject. 	 A segmental model divides 
the body into convenient segments and assigns dimensions, a mass and a 
mass-centre location to each. 	 Given such information, the mass-centre, G, 
of the whole body may be estimated from the model for any body configuration. 
that is, for any arrangement of the segments consistent with the hinge 
connections between them. 
Thus, in Figure 3.1, two fundamental definitions are illustrated:- 
Differentiating the second of these:- 
)N4, 
	
• rn- 	 =  
 
. (3.2- 3) 	 momzp-rvisti 
. • 
rn 	 Nfk 	 . 
3 	 .) 
Equation (3.2-3) expresses the z-momentum of the whole-body either as 
the sum of the segment momenta, or as the momentum of the whole-body mass 
moving at the velocity of the mass-centre, G. 
G 1-7 	 Z-:. 1141- uNn 
M = YTl # r-1-1.2,.. 	 - • 4- im7 
n--.1 	 rrin 
rT-13 
-_-:- 	 !-)--1• 11`..' A . - 
Ca.) 
t•-i A 'S 	 C 	 LOC_ ,A-77 i !.-.4 
N,A 
T-t 
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Similarly, equation (3.2-A) gives the rate of change of momentum in 
terms of segmental or whole-body masses and accelerations. 
3.3 Newton's  Second Law 
In the fundamental form:- 
	
[Sum of external force componentsl 	 fz-rate-of-change of whole-bodil 
L 	 in the z-direction 	 i 
	
..J 	
. 
L 	 momentum 	 1 
Newton's Second Law may be usefully applied to 'coca'' movements sucn as 
the situation shown in Fire 5.2 
In conjunction with equation(3.2-4):- 
• 6 
Similar statements apply to the x and y co-ordinates. 
A number of studies of human activity, in particular of jumping, have 
used equation (3.3-1) as a basis for analysis. 	 If F is measured by a 
force platform on which the subject stands, and W and M are obtained by 
weighing, then (3.5-1) may be used directly, or via an integration, to 
give the z-acceleration, velocity and displacement histories of G during the 
take-off period. 
No attention seems to have been paid to the alternsAiva form (3.3-2) 
in such studies. 	 This equation is equally applicable and more informative 
than (3.3-1) The time history -4) is now regarded as the sum of 
segmental contributions. 
	 Thus, for a four-segment model:. 
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or 
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+ 	 • % 	 7.2  
• - 2. 	 °T. 	 4 	 . „ 
The graphs in Figure 3.3 indicate the subdivision of the total force 
curve. 
As indicated above, equation (3.3-.;) has attracted eminent critics. 
The main source of doubt seems to be the complex nature of the connections 
between segments of the human body. It has been argued that, in some way, 
the time delay in force transmission throurrh such connections makes the 
equation invalid. 
	 This criticism is unfounded. 	 Its proposers may be 
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thinking of the problem of calculetinp. the acceleration or a body from known 
motions of connected masses, in which case the details of the inter-connections 
are required for the solution. 	 But equation (3.3-5) relates the external 
forces on a system to the accelerations of the rigid bodies making up the 
system, all specified at the same instant. 	 This relation holds irrespective 
of the complexity of the connections, because, by a standard proof invoking 
New 	 Third Law, the connecting constraints cancel out in equal and 
opposite pairs on summation over the system. We should also reaffirm here 
that segmental models of the body specify simple hinge connections for 
kinematic reasons only, and not to simplify the dynamics. 
Returning to the use of equation (3.3-5) we find that it leads naturally 
to consideration of the relative importance of the segmental contributions 
to the total force curve. 	 One of the unresolved questions about an activity 
such as jumping is what combination of limb and trunk actions produceo a 
good jump? Some light will be thrown on the problem by using the segment 
mass-centre accelerations ai in equation (3.3-5). 	 These values may be 
computed from displacements measured on a cine-film of the activity. 
Development of this idea and some numerical results are presented in 
Chapter 
3.4 The Relative Merits of Impulse-Momentum and Work-F=Ey in 
Explosive Actions 
Newton's Second Law may be termed an instantaneous vector equation. 
It relates force to acceleration at any instant in time, and the directions 
of these vector quantities must be the same. 
Instantaneous relationships are not the most useful in all problems. 
In situations involving the motion of a system from an initial to a final 
state the mpulse-Noe-lentum and Work-Energy Principles provide valuable 
extensions of Newton's Second Law. 
	 The former deals with changes over a 
tine interval and the latter with changes over a displacement. 
	 Figure 3.4 
indicates the two lines of dr?vlopient as integration processes. 
	 Impulse- 
 
Momentum remains a vector equation, while Work-Energy ie. a c:;alar relationship 
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Figures 3.5 and 3.6 show the extensions of these two principles to more 
general forms. 	 The Power equation is part of the Work-EnerrIv development, 
dealing in energy-rates and work-rates. 
	
Everything derives from Newton's 
Thus it is quite misleading to think of, say, Impulse-Momentum 
as the right way to solve a particular problem and of A'ork-Energy as incorrect. 
Each approach provides a valid and informative description of any dynamic 
si tuation. 
It may, however, be more convenient to use Impulse-Momentum rather than 
Work-Energy or Power, in considering the motion of a system. 	 In particular, 
human activity of a rapid 'explosive' nature may be dealt with more easily 
in terms of the Impulse-Momentum Principle. 	 Since the advent of the 
force-platform it has become easy to record rapidly varying forces at the 
feet, and to obtain a force-time curve during an activjty. 	 Integration of 
the curve is a direct appeal to the Impulse-Momentum relation and useful resui:V 
come from its application. 	 In contrast, measurement of energy changes in 
short-term human actions is a very difficult problem in instrumentation. 
Exercise Physiologists are at present unable to deal with such transients 
and are restricted to relatively steady-flow energy measurements. 
There is, therefore, a strong case for preferring Impulse-Momentum to 
Energy or Power in the investigation of an explosive action, such as jumpin. 
This preference rests upon the reliability and availability of instrumentation 
for the Impulse approach. 	 Adamson and Whitney ( ) express a similar 
preference, but their case is based on theoretical arguments, rather than 
on problems of instrumentation. 
Their comparison between the engine test and the firing of a cannon 
shot brings out the difference between the steady-flew energy equation and 
a process involving rapid energy release. 
	 But this contrast does not 
constitute an arguient against the use of power, the instantaneous energy- 
rate or work-rate, in unsteady-state problems. 	 They point out also that 
the product F x V, for instantaneous power, does not take account of the 
events preceding that instant and giving rise to the instantaneoue velociy V. 
There is, however, no reed for the :Trier course of either F or V to he known. 
Much the same point may be made in the case of new ton's Second La,w. 	 The 
instantaneous force is expressed in terms of instantaneous acceleration, 
irrespective of the previous acceleration history. 	 Power is, by definition, 
an instantaneous rate-of-change quantity, and a power equation for the 
explosive action of the jump may be written:- 
-hate at which useful 	 Rate of change of 	 Rate of energy: 
energy is released 
1= 
kinetic and Potential 	 loss to  
by muscle action 	 energy of the surroundings • 
description of explosive action. 	 That is not to say that an average power 
over the period of the action might not be more ase;,ropriate than a statement 
about the maximum instantaneous value. 	 This is, I think, Adamson and 
Whitney's real criticism of the paper by Davies and Rennie (3). 	 I would 
question the latter more on their handling of fundamentals than on the 
appropriateness of their point of view, and some comments are offered in the 
next Section. 
Practical application of the power equation above requires the estimation 
of the middle term from eine analysis of the activity, for this is the only 
practical way in which all the segmental linear and angular velccieities 'nay 
be obtained. 	 It may also be necessary to assume that the energy loss term 
is negligible, in the absence of physiological techniques for short-duration 
energy measurements. 
3.5 Some Micconceptions in the  Use of the Work-E-nery Principle 
Some authors have presented work-energy analyses of jumping which appear 
not to call upon the measurement of physiological energy changes in the 
activity. 
	 I believe their approach, despite an attractive simplicity, to 
embody some snags of a fundamental nature. 
	 The following discussion is 
concernea with theoretical consisteny and no longer with the problems of 
measurement discussed in the previous Section. 
r- 
(Power output) 	 performer 
There is no theoretical objection to this use of power in the 
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The essence of the problem is shown in Figure 3.7 
At time 0 a man is crouched, stationary and prepared to jump. 
At tfte T he is just losing contact with the ground. 
Recalling solutions to many standard applied mathematics problems, 
one may be led to use:-  
Work Done = increase in kinetic and potential energy MOO ed 	 (3.5-1) 
and the text quoted below interpret this statement as 
\I--r 	 4 V/ (27 	 o) 	  
(i) The Work Term 
The left-hand side of (3.5-2) purports to represent a work term; 
but the work done by a force is properly defined as:-  
"the force multiplied by the distance moved by its point cf 
4n the direction of the force"  
It is obvious that the point of application of the vertical force F
z
, 
mosepnmma 
(the toes, ia contact with a rigid floor), does not move vertically, 
here is no need to confuse the issue by introducing minute deflections 
of a nearly-rigid floor, which would represent only a very small energy term 
in equation (•) r- r4-))    
On the accepted definition of work the left-hand side of equation (3.5-2) 
is not a work term. 	 The point of application of F
7 
certainly does not move 
throusla the distance (zT - zo). 	 have, however, found this point advocated 
and defended in published work and personal discussion. 
As to the oublished material, Hopper (7) commits himself to the phrase:
-  
"work done by the ground reaction"  in analysing a high jump, and indicates 
the area under a /round-force vs. distance curve. 	 Davies and Rennie (3) 
make statements about the power produced in jumping, which use the form F
z 
(force X velocity of body mass-centre). 	 So they too multiply the ground 
force 
	
by the motion of a dissociated point. 
	 Finally, Offenbacher (12) 
der; *es an 'energy eeuA tion' 
 for the vertical jump, arriving at the resalt: 
Yer, 1-1 
	 IvIe7),&? 	 1-i is 
LX:.)77 F L-
PO'w E. CZ 
r  The term j7z. ci'“ground force multiplied by displacement of G) again apnears. 
Each of the above authors ascribes 'work done' to a force acting at a fixed 
point of application. 	 The error is caused by replacement of the ground 
force at the feet by an 'equivalent' force at the mass-centre. 
	
'Equivalence' 
has been accepted without due thought. 
	 Den Hartog, quoted in Section 3.1(d) 
above, clearly demonstrates that 'transfer of forces to the mass-centre' leads 
to incorrect ',fork statements for a non-rigid system. 
	 The point is also 
clear from Section 5.1 (b) and from the definition of work. 
(ii) The  Kinetic Energy Term 
It is important to note that the total kinetic energy of the body is 
not correctly expressed in terms of V the vertical velocity of the whole-body 
.- 
mass-centre, in the form - V2. 	 Summation of all the segmental kinetic 
energies provides the total kinetic energy, and we write:- 
;, 	 Sr.:41 	 K 
t rtE 	 INPE '1'et C. 
 
Rutherford {Section 3.1 (f) ) clarifies the issue. 
The right hand side of equation (3.5-2) is therefore dubious, in that 
-4t NV" is used as the kinetic energy of the body at take-off. 	 This 
expression is correct only if the following assumptions hold:- 
1. The jumper's body is rigid, that is, limbs and trunk remain locked in 
a fixed configuration through the take-off. 
2. There is no horizontal velocity of the body reass-centre. 
3 	 There is no angular motion of the trunk or limbs. 
The quoted texts make no mention of these assumptions, although state- 
ments are implicitlzrbased on them. 	 It is possible that the simplification: 
co introduced do not seriously impair the analysis, but somo justification 
of the assamptions should be given. 	 Failure to mention the above conditions 
'A' in basic jumping studies is unfortunate. 	 The approximate expression of 
kinetic energy in equation (3.5-2) may be carried unquestioninFay into thc 
analysis of more complicated activities, with misleading consequences. 
The main cmf.ention here is that the Work-Energy approar.h may be 
- Properly s, ,L  a.ea without introducing such restrictive assumptions. There 
is no need to rule out complex bodily movements in the jump, nor to exclude 
general translational and rotational velocities of the body. 	 There is 
also no reason to confuse the issue by associating work with non-working 
forces. 	 The proper form of the Work-Energy eauation (Figure 3.5) leads 
to the following equation for the problem shown in Figure 3.7 (The 
derivative of this equation gives the power relation of Section 3.4):- 
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As discussed in the previous Section, the 'energy loss' term is 
omitted. 	 We have no means of estimating its magnitude, and assume it to 
be fairly small in an explosive action. 	 The sane assumption is made 
implicity by both Offentacher, and Davies and Rennie, but they make no 
mention of the omission and its significance. 	 Practical use of the 
above ecuation requires the estimation of potential and kinetic energy 
changes from cine-film to give an assessment of the muscular ever ?y 
release in the action. 
(iii) The Derivation of an Fouation involving a Ground-Force 
Displacement Inte•ral 
Earlier in this Section we have seen the inconsistency in using 
in an energy equation. 	 it is, however, a fact that the equation (3.5-2) 
can give sensible numerical results in a very s17,ple representation of 
body motion, and it is important to recognise that what looks like an 
energy equation is, in fact, something fundamentally different, with a 
physical sigrificance which should be clearly understood. 
Referring to Figure 3.2 ard equation (3.3-1), an application of 
Newton's Second Law, we may quite properly regard the right hand side as 
• • 
	
4 	 , • 
••••4 NI 	 0 :7- 
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Separation and integration produces:- 
• 	 1 _• .-N 
e, 	 a 	
..v.,N.,:_•._ 
And this result appears to be identical with the so-called energy- 
equation (3.5-2). 	 There are, however, important distinctions to be made. 
Equation (3.5-5) is not, and makes no claim to be, a work-energy 
equation for the body. 	 It is the integral of the z-component equation 
or motion and, by the very selection of a specific component direction, 
other forces and motions are eliminated. 
	
A true work-energy ecuation is 
a scalar relationship in which prior selection of a particular set of 
component forces and velocities plays no part. 	 The scarce of equation 
(3.5-2) is now clear and its incorrectness as an 'energy' equation is 
apparent. 
b) 	 The first term in (3.3-5) must not be regarded as a work term, despite 
the fact that it has a similar form. 	 The definition of work does not allow 
that physical significance be associated with the left hand side of (3.5-5). 
Similarly, the last term in (3.5-5) is not an expression of the body's 
kinetic energy, for Section 3.5 (ii) has shown that the total kineLio 
energy involves other terms representing horizontal velocity of the mass-
centre and all segwental motions relative to the mass-centre. 
The aim of this discussion is not to create unnecessary complexity. 
There are subtelties in the application of quite elementary principles 
which have not only been ignored by recognised authors, but also accepted 
unquestioningly by the uncritical reader. 	 We must first get a clear 
understanding of the principles we propose to employ; secondly, derive 
meanineral relationships for the particular problem to 'cc studied; and 
thirdly, make quite clear all assumptions and simplifications brought 
into the analysis. 
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3.6 Eouations  for Plane Rotational Motion of a Segmental Model  
a) Theoretical deve]ormeat 
In Section 3.3 Newton's Second Law is applied to translational motion 
of a segmental model, and equation(3.3-5) enables the contribution of each 
segment to be represented. 
	 For plane motion, equation (5.3-5), with the 
corresponding x-component equation, completely describes the translation 
of the system. 	 A third equation, for plane rotational motion of the 
system, is also available, and a concise statement is:- 
r 
	
Sum of External force-moments 1 	 Rate-of-change of moment 
	
I 	 3:1 labout system mass-centre G 
	
1 	
of momentum of system 
L 	 J 	 about system mass-centre G _....1 
• • • -C-).,> --1) 
The left-hand side of this equation is not difficult to evaluate. 
In Figure 3.2, for example:- 
or Q. c e h 
ci 
The right-hand side is a little less straightforward, especially 
qM111 if its physical significance is to be brought out. 	 A three-dimensional 
equation has been employed by NcCrank and Seger (9) in a complicated 
analysis of spatial rotations in astronaut cs. 	 Miller (10) has used 
a much more clearly expressed three-dimensional form in her studies of 
springboard diving. 	 Both versions, of course, encompass plane, or 
two-dimensional motion as a special case, but it is not easy to use them 
to gain insight into the plane motion problem. 	 Other workers, such as 
Kane and Scher (8) and Fatze (6), advocate a Lagrangian approach, 
powerful and elegant, but liable to obscure the very real ties between 
segmental-model and single-rigid-body equations of mot Lon. 
There is much to be said for casting the right hand side of equation 
(3.6-1) into a form involving whole-body moment of inertia about G, 
41111!!!"11 
bearing in mind that this quantity is likely to be a variable in most 
human motions. 
	 In so doing, we keep ties with the mechanics of a single 
rigid body, for which equation (3.6-1) takes the simple form:- 
= 
Whitsett (18) derives rotational equation of motion for a two-
segment model, hut is concerned only with moment of momentum and not its 
rate-of-change. 	 He also leaves the physical significa.ice of the terms 
unexplained. 	 lroesbere (5) provides an equation for a general system 
of particles in three dimensions. 	 Both of these treatments have provided 
stimulus to the work set out below. 
	 However, the derivation which follows 
does not appear elsewhere, as far as I know. 
	
The lack of a proper treat- 
ment of rotational motion has hampered studies of body rotation in 
diving and gymnastics. 
Figure 3.8(a) shcws two sets of reference a:-:es for the moving 
segmental model. 	 Axes zGx have their origin at, and move with, the 
system mass-centre G; they also rotate with the angular velocity cf the 
major segment, the Head-Trunk (H-T). 	 Axes r,c,1 are an inertial set whose 
origin coincides with G at the instant shown. 
Figure 3.8(b) givr:s the basis for the co-ordinate relationships 
derived below. 	 Gj represents a typical sement mass-centre; for 
p_ustration take that of the arms. 
From Figure 3.3(b):- 
= t:os -- S:n c_i.sc) x• sin9 
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Now consider thn typical segment in more detail. 	 From Figure 3.9 
the moment of momentum of segment j about the whole-bojy mass-centre G is:- 
CSE.:CME.NT 	 T • t, • 4.- 	 r 	 r 	 I es, 	 I 	 . 	 • 	 • 
r • 
.cz• 
	
. 
J 	 7 
, • . + X • 1,2 ) 
6 	
. 	
J 	 • 	 .1•J " 
using the co-ordinate transformations above. 
It is now useful to write:- 
where t.,3jis the absolute angular velocity and 
	 the angular velocity 
relative to the H-T, that.is, to the moving axes zGx. 
With a little rearrangement:- 
a 1_, 	 • -F- 
(e7C:r"LI'Vr 	 ; rrt • 7:: X: 	 ; 	 • 	 4- 	 A - 	 . 
-4' 	 "c) ( 	 j j 
In this form the moment of momentum h may be interpreted as: 
Finstantaneous moment 
of inertia of segment 
about whole-body mas3 
centre C 
"I 	 I- x Angular velocit:0! + ;Moment of momentum 1 
of moving axes I 	 of segment 	 relative' 
H 	 d.ncl of ii-T) to moving axes 
	
I L. 	 J L 
Summation over a31 segments leads directly 	 the result:- 
h 
(whole-body) 
rInstantaneous 
'moment of inertial 
of whole body 
about S 
xiAngular 1 
-I- ivelocitp 
	
of Ii-i 1 	 I-:-  
L 
	
1. 
1 
—	 --i 
I
Moments of -1 
Imomentum of 1 
!all segmentsi 
.relative to I 
Loving axes 
4.  kj(rec) 
The final step is to take the rate-of-change of (3.6-5) to obtain 
the right hand side of (3.6-1) 
Dropping the suffix (whole-body): 
-1.• (in .:cc) • 	 (insH / • ...... 
„Ls. • j 
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So that e:juation(3.6-1), the rotational equation of motion for general 
plane motion of the segmental model is fully e: pressed as:- 
4- a CT Iei. 	 ' r-- t .(-3.L) s 	 ' 	 "j (re.) 	 ()-  
It is instructive to compare this result with the rigid-body ecuation 
3.6-3). 	 Clearly, a rotational situation in which the body configuration 
is variable must be dealt with by (3.6-6). 
	 if, for a period, the body 
configuration is kept fixed by the performer, then the simpler equation 
(3.6-3) will apply. 	 Further, in numerical evaluation for a real situation, 
some simplification may be possible if certain terms in (3.6-6) turn out 
to be negligible. 	 However, the real purpose of the derivation of (3.-6) 
is to throw light on the nature of the rotational motion. 
	 It will help 
to explain two-dimensional turns and somersaults of divers and trampolinists 
while in the air, in a way that the rigid-body treatment can never do. 
The concept of'rate-of-change of moment of inertia' is not generally used 
in mechanics, although I cannot claim originality in this respect, for the 
idea is employed by Groesberg and may appear in other specialised texts. 
There is a widespread misconception that a specific 'axis of rotation' 
may be defined for aerial motion. 	 The general segmental motion discussed 
above can not he considered to possess such an axis. 	 Wnether the 
performer is in the air or in contact with the ground, it is meaningless 
to speak of 'the axis of rotation' unless the body is behaving as a single 
rigid body. 
	
For a rigid body we may construct an instantaneous centre 
by the usual geometrical technique, but for a multi-segment model each 
segment possesses its own instantaneous centre, and there is no way of 
combining them into a single rotational centre for the whole body. 	 The 
fact that we take moments of force and of momentum about the whole-body 
mass-centre G, does not imply that G can be thought of as the body's 
rotational centre. 	 We use G as a reference point because the fundamental 
equation (3.6-1) comes out in its simplest form. 
b) fasical significance of the c, 	 ,s 
In a general description of the motion of the body through the air, 
the discussion is often confined to a plane-motion situation. 
	 Sueh 
nipttwistin,g dives and somersaults are accomplished when opposite limbs 
move together, and the body configuration remains at all times symmetrical 
about the sagittal plane. 
	 The conservation of moment of momentum 
(angular momentum) usually forms the basis of discussion, and the constant 
value of the product 7,,,e) is correctly explained by an increase in sr/in 
Ir. 	 velocity (A._; when the body attitude shifts to one of smaller moment of 
inertia. 	 This form of explanation may be teriLed a 'quasi-rigid-body' 
view of the motion. 	 It is implied that the configuration of the body is 
held rigid for at least a short time so the rigid-body equation 
applies. 	 Nothing can really be said on such an elementary basis about 
the flowing of the configuration through a seauence of forms, a situation 
in which a continuous rate-of-change of the moment of inertia takes pli:Lce. 
Further, the quasi-rigid view is powerless to explain the angular 
displacement effects of limb motions on a body possessing no moment of 
momentum. 
Bouations (3.6-5) and (3.6-6) are useful for Cle explanation of the 
aerial manoeuvres of a non-rigid human body in plane motion. 
The equation:- 
LihSi.)• 	 r- • (1 
applies to a freely-falling body with zero moment of momentum. if the 
arms rotate about the shoulder, the term /t): immediately has a value and, 
to satisfy the equation, the term 	 must take the same value but with 
the opposite sign. Thus, a positive rotation of the arms results in e. 
negative rotation of the trunk, although at no time during or after the 
action does the wholes 'body  system possess other than zero moment of 
momentum. 
	
The general form of (3,6-5) nay, of course, be applied to 
motions in which the moment of momentum is a constant other than zero. 
The more elaborate equation (3.6-5) may be used to clarify the 
torque-free aerial motion during the execution of a body configuration 
change. 	 In the statement 
/ 
c7 rval_:%1 	 -e- 	 , • 
	 ( 
the signs of FJ;J. and clL
i 
 (:;)may be assessed for some maneouvres without 
ar,N 
recourse to numerical evaluation. 
	 It becomes clear that the term :E--); 
expressing rate-of-change of relative moment of momentum, will become large 
if a vigorous arm or leg flexion is made in flight. 	 Coupled with sketches 
of the body form, which show whether cij,-.L-i\j 	 positive or negative, one may 
come to some conclusion about the trunk angular acceleration, expressed by 
the first term on the right. 	 Numerical evaluation of terms will give much 
more information, but has not yet been attempted. 
Verbal descriptions of aerial movement sometimes appeal to the concept 
of 'transfer of angular momentum', particularly in considering three- 
• dimensional problems like the twisting of a cat to land on its feet. 	 It is 
suggested that 'transfer of angular momentum' should not be too freely used 
before a proper understanding of the two-dimensional case has been achieved. 
The simpler equation, (3.6-5) gives a precise meaning to the idea of 
transfer of moment of momentum, in that balance of the ecuation is main-
tained by a gain in the first term and a matching loss in the second, or 
vice-versa. 
	
The left hand side remains constant (generally non-zero). 
• 
It may further be emphasised that the vector nature of the equation implies 
constancy in both the magnitude of total moment of momentum and the direction 
of the axis about which moments are taken. 
The above equations also throw light on the manoeuvres of astronauts 
under zero-gravity and the behaviour of a performer on a rictionless 
turntable, which is sometimes used in laboratory demonstrations of rotation. 
P/a-enhoef'e Arn-soech to Motion Ana lysis , 	 • 
a) Introduction 
Plagenhcef's recent hook (15), is an important contribution to 
biomechanical literature. 
	 He presents a novel formulation of the equations 
of motion for a segmental model, a computer programme based on these 
equations and tine analyses of a wide range of sports activities, 	 The 
emphasis is on a method of nine analysis which requires only the angala• 
displacements of the segments as input variables. 	 Using standard segmental 
masses and lengths, the computations lead to values of total force and fcrce-
moment at every joint of the model, and these numerical results are cot 'sined 
with spatial motion patterns drawn directly from the film. 
Plagenhoef and his colleagues produce many illuminating exassples of 
biomechanical analysis and relate the work to practical coaching and 
performance. 	 There is no comparable published work in the field and 	 is 
therefore likely that the book will be widely adopted as a student text and 
as a source of ideas in biomechanics projects. 
IF' Some comments on this work are given because there are aspects which 
can be tackled in ways other than those proposed by Plagenhoef. 	 Comparisons 
may lead to more discerning use of his techniques. 
b) Plagenhoef's Use of Coriolis Force 
In developing general equations of motion Plagenhoef begins his Chapter 
5 with a two-segment motion. 	 As an exaxple, consider motion of the upper 
arm and forearm with the shoulder as a fixed joint. Although they are 
hinged at the elbow, the two segments have, in general, independent angular 
motions. 
	
It may be convenient to consider the angular motion of the forear.si 
relative to the upper arm, rather than to measure it against a fixed frame 
of reference, and Plagenhoef here states:- 
"Coriolis was the first to recognise a force that exists when a segment is 
rotating about an axis that itself is rotating" (p.49) 
His subsequent developments give segental irertia forces in ter sis of 
Coriolis accelerations, and there is no question as to the soundness of the 
theoretical or numerical rezults. 
	 But it is important to note that 
in 	 of a Coriolis force into the segmental mechanism analysis is 
not essential. 	 Figure 3.10 compares the Plagenhoef derivation with an 
approach which is common in mechanism analysis. 
Plagenhoef has a particular interest in using relative angular 
velocities between adjacent segments in his later interpretations. 	 In 
restricting himself to the Coriolis formulation, he gives the impression 
that it is essential to the mechanics of relative segmental motion. 	 The 
*non-Coriolis approach may, however. be expressed quite conveniently in 
terms of relative angular motions. 
The main contention here is that the Coriolis concept is suite 
difficult for the student to grasp. 	 Plagenhoef uses it in a rather 
• 
unusual way for an analysis which does not, in fact, require it. 
c) Play -enhoef's le_allirement for a Fixed Starting Point 
The example of Figure 3.10 has the shoulder joint fixed. 	 Angular 
displacements f;,,,g7_ of the arm segments are the only time-dependent variables 
required for complete determination of accelerations through the mechanism. 
In some practical situations a fixed point exists; frequently, for instance, 
the feet are in contact with a rigid floor. 	 Plagenhoaf starts his analysis 
from this fixed point and wprks progressively toward the other end of the 
system. 	 Nevertheless, he recognises that there are many cases in which the 
fixed point is not easily determined:- 	 "A mid-air joint-moment analysis can 
be done only by determining the joint which is mcving the least and analysing 
the other body motions relative to this Most stable joint (usually the hip ... 
If all the body parts are moving a great deal, only the axis of rotation, the 
path of the total body centre of gravity, the path of the joint centres or 
the body segment positions relative to the floor may be determined." (p.120). 
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Plagenhoef is faced with the need for a fixed starting point by virtue 
of his formulation in terms only of the segmental angles. 
	
However, to work 
4'1-0 'the joint which is moving the least' is dubious, because what he 
rea y seeks is a point having zero acceleration. 
	 Small displacement 
("movie z the least") does not necessarily mean near-zero acceleration. 
	
The 
insistence on a fixed starting ccint brings problems when aerial motion or 
swimming are to be analysed. 
	 There is no reason why the 'most stable joint' 
say the hip, should not itself have its motion referred to fixed axes. 
accord with Flagerthoef's formulations. 
	
co-ordinates from the fixed 
reference frame to the hip seem most suitable. 	 A full acceleration analysis 
of aerial motion could then be carried out with the inertial r1G co-ordinates 
of the hip behaving very much as an extension to the segmental model. 	 In 
this T r' formulation a Coriolis reference will inevitably appear. 	 But, as 
shown in the previous section, it is not necessary to use a Coriolis form in 
the analysis of the body segments themselves. 	 Plagenhoef's programme would 
require a short additional subroutine to accommodate the acceleration of the 
hip-joint, 'plat there is no need to regard mid-air joint-moment analysis as 
an intractable problem, even when "all the body parts are moving a great deal". 
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4.1 Introduction 
At the outset it was intended that the experimental procedure should 
hamper the subject's performance as little as possible. 
	 Athletic 
activities of a complex nature, such as vaults and somersaults, were 
envisaged in later investizaticns, and the use of apparatus connected 
directly tc the subject was ruled out. 
	 Even in the simpler action of jumping 
through moderate distances freedom of movement was deemed important, for 
major arm and leg flexions occur at fairly high speed. 
While it is possible for the experimenter to cope with a moving bundle 
of leads from electromyographic electrodes during a vertical jump, the 
subject cannot feel free, physically or Psychologically, to car,: y out the 
jumping action in an uninhibited fashion. 	 Thus, in the present studies, the 
subject was given as much liberty as possible. 	 Accelerometry, e.m.g. end 
other contact methods of measurement were avoided. 	 In addition to their 
effects on the subject there are also technical problems with accelerometers 
placed on the skin during violent limb movement. Errors may arise due to 
rapid oscillation and stretching of the tissue on which the sensors are 
attached. 
	
The only constraints imposed on the subject were the need to 
operate within the camera's field of view and, at times, the necessity to take 
off or land with both feet on the force platform. 	 No special instructions 
to perfore! a 'maximal' jump or 'the softest nessible landing' were given. 
Rather, the overall aim was to record an unrestricted movement and to use 
the data to give some understanding of the motion which had occurred. 
The development of tine analysis of sports activities may be seen in 
the long term as the only me thod. of data recording which can go on unknown 
-co the performer and therefore allow a completely natural skilled action. 
Ideally, even the force platform may eventually be eliminated during field 
measurements, for the contact forces at the feet may, in principle, be 
computed from tine data. 	 Fieldwork in filming sports situations implies 
that, the subject is not specially marked at the body joints and that the 
surroundings may roc be ideal for photo4,7raphy. 
	 It may be difficult to 
obtain accurate caner-to-subject distances in such situations and, in all, 
measurements taken from the film will be liable to several kinds of error. 
In view of these problems in the application of tine methods, the 
experimental methods described herein do not aim for extreme precision. 
For example, it is of little value to locate body joint (hinge pcint) 
markers with hign accuracy when the skeletal 'hinge' itself does not possess 
a fixed axis, and when the skin may shift appreciably over the joint during 
activity. 	 In the present study this, and all other sources of error are 
treated together as 'noise' contaminating the information, since separation 
of the individual components is virtually impossible. 	 Useful results may 
still be obtained in these circumstances. 	 A detailed discussion of the 
errors is given in Section 4.10. 
4.2 Cameras 
Two 16mm tine cameras were used for filming the jumping activities 
analysed in this work. 	 A third, higher quality camera was available at a 
later stage although analysis of results obtained with the latter has not 
been carried out. 	 All three cameras are, hcwever, described because their 
relative merits are important in future development of the work. 
a) 	 The Bolex E.16  F. 	 (25m. f1.4 lens) 
The Bolex is a spring-driven camera with nominal frame rates of 8, 16, 
24, 32 and 64 frames per second. 	 A nominal rate of 64 was selected for the 
jumping experiments, but calibration of the camera gave the correct value 
as 6S.5 per second. 
	
One disadvantage of the Bolex is the absence of 
built-in indication of the frame-rate applying at the time of filming. 
Discussion with photographic technicians and a representative of 
Dawe Instruments Limited led to the idea of using direct stroboscopic timing 
of the camera shutter. 	 The lens system was re=ved and a short length of film 
o
f 
was run at the desired nominal rate. 	 Adjustment of the stroboscope frequenc' 
gave a stationary image of the shutter and an accurate measure of its rate f 
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b) The Fastair 1-b (13 mm. f2.3 lens) 
The Fastair was originally made by Photosonics Inc., California as an 
electrically driven hiEh altitude camera running at a fixed rate of 1000 
frames per second. 	 In the laboratory, tie caoera speed was controlled 
with a Variac unit, allowing wide variation of running srieed but only 
approximate presetting of the frame rate en the basis of the voltage at the 
Variac output. 	 The camera was, however, provided with a timing light 
operated at mains freouency by the power supply and producing streak marks 
at the edge of the exposed film. 	 Thus, the frame rate was accurately known 
only after the film was processed. 
The camera design requires steady running of the film past the lens. 
The traditional stop-start gaffing of frames is replaced by a rotating 
triangular prism driven in synchronisation with the film. 	 This arrangement 
causes the image received by each frame to move downward at the speed of the 
film and produce an unbiurred picture. 
c) The Mitchell ES-16 F4 (16 m. f1-8 lens) 
The Mitchell provides a wide range of frame rates within which most 
types of human motion may be satisfactorily filmed. 	 There arc 10 rates 
from 4 to 500 frames per second, and the stated accuracy is + 1% or + 1 frame 
(the greater). 
	
In addition, a mains frequency timing light is provided as a 
posterior check on the running speed, permanently recorded on the film. 
Comparisons 
 
Motion recording using the rotating prism principle of the Fastair 
camera may be somewhat distorted by the vertical 'panning' action of the 
image received by the film. An instantaneous record of the body position 
would be more accurately produced on a given fra.ne by exposure with the frame 
held stationary. 
	
Low speed cameras, such as the Bolex, succeed in holding 
each frame in the gate by friction as the shutter opens., but frictional 
positioning cannot be used successfully much beyond 64 frames per second 61 1 
because the momentum of the running spools is liable to drag the film when 
it should be stationary. 	 The Mitchell camera has a pin-register mechanism 
which, during exposure, locks each frame in Position by pins engaging in 
the sprocket holes. 	 This system is superior to the Rolex and Fastair 
devices and operates at all frame rates up to CO5 per second. 
4.3 The Kistler Force Platform and AmP 
a) 	 The Platforn. T Pe 9261 
The essential features of the force platform are shown in Figures 4.1 
and 4.2. The base and the working surface are both cast in aluminium alloy 
ifiers 
with integral reinforcing ribs. 	 Each of the four piezo-electric load washer5., 
MMENEMMO 
sandwiched between the base and top castings is mounted on a steel stud. 
In assembly the four studs are screwed into blind tapped holes on the 
underside of the top casting, the load washers are push-fitted on the studs, 
and the base is finally clamped in position by nuts at ie Lf1C,    lower ends of the 
studs. 	 The platform is supplied in the assembled state and sealed, with a 
n , 
slight precompression on the load washers. 
The platform was mounted in a concrete well in the laboratory floor. 
In preparing the mounting the four cylindrical steel pads specified by the 
manufacturers were bolted through their undersides to a in. thick steel 
plate and the assembly was grouted into the floor of the well. 	 The upper 
surfaces of the mounting Pads were finally hand-finished so that their 
surfaces were horizontal and coplanar within the manufacturers specification. 
When positioned in the well, the working surface of the platform was flush 
with the laboratory floor. 
	 The platform was lightly clamped on its mounting 
pads by nuts on four 1-. in. diameter studs, welded to the base and locating 
in the stud holes and slots in the platform base. 
The load washers within the platform are capable of force measurement 
along three mutually perpendicular axes, one in compression and two in shear. 
Internal connections between them provide appropriate summations of the X, 
Y and Z load washer force readings. 
	 In the piezo--crystal the application 
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of force pro dues a static charge, and a group of charges is summed in the 
Kistler system by being led to capacitor storage within a charge-amplifier. 
b) The Charge Amplifiers. Tye 9801 (Figure 4.2d) 
A separate charge amplifier for each axis of force measurement allows 
simultaneous handling of the three co:r.onents. 	 The measurement of couples 
by the present system does not appear possi.512. although the manufacturers 
are investigating the problem. 
The output of each charge amplifier is a voltage Proportional to the 
total force applied to the platform along its associated reference axis. 
Cross-sensitivity between the force axes has been kept to a low level. 	 A 
force applied along the Z-axis gives unwanted input to the X and Y charge 
amplifiers but the manufacturers quote these cross-effects as only 0.2% and 
0.4g of the Z-force. All the cross sensitivities are below 1%. The char 
amplifier unit is Provided with a separate facility which allows measuremant 
and compensation of the cross-sensitivities, but in practice the effects are 
so small as to he negligible. 	 The amplifiers have, therefore, been 
in the present work without compensation. 
Static calibration curves are provided by Kistler and may be summarised 
as follows:- 
E 
AXIS 
1 
X 
RANGE, kp 
CALIBRATION 
CF,L%Ftr:E/FORCE 
pC/xp 
LINEARITY 
ERROR 
0-500 	 0-250 	 0-250 
	
34.3 	 75.2 	 75.5 
	
0.4 	 0.3 	 0.4 
1 kp = 1 kgf . 2.205 lbf 
The charge amplifier range switch is graduated to re► resent the 
combined effect of platform and amplifier. Twelve steos giving force-
sensitivities  between 0.001 and 5 kp/m7 are Tprovitled. 
OV 
Amplifier linearity error is less than 0.05jL 
Vertical (7,) force measurements form the centre of interest in the 
present work and these forces have generally been nondimensionalised in the 
form IVW. 	 Thus, use of the scaling values given above for direct measurement 
of force has been avoided. The main assumption in the use of the system 
has been the assumption of linear response characteristics in dynamic as well 
as static operation. 
Each amplifier may be opera ted at one of three time-constant settings:- 
1 SHORT 	 MFIIUN 	 LONG 	 .C. 
1 	
0.01-50 	 1-5000 	 1000-100,000 I Seconds 
The long time-constant is recommended for static calibration. 	 iss.e 
medium setting is most suitable for the measurement of force variations over 
periods of about 1 to 100 seconds, which cover many types of athletic activity. 
4.4 The Southern Instruments Ultraviolet OscilloP;raph Series 10-100  
The u.v. oscillograph was coupled directly to the charge amplifier 
output. 
	
Galvanometers with a natural frequency of 2200 lIz and a sensitivity 
of 6.23 mV/mm were used in all force measurements. Tnese characteristics, 
in conjunction with the range of charge amplifier settings, gave reasonable 
force-sensitivity for the activities investigated. 
Output from the oscillograph was recorded on Kodak Linagraph direct 
print paper, 120 mm wide, and fixed photographically, either by spraying 
with a yellow filter solution, or by processing in a suitable developer. 
Both materials are supplied by Kodak. 
The oscillograph was provided with range-switches for the selection cf 
paper speeds and timing line frequencies. 	 Galvanometers not coupled to 
the charge amplifier system were used to mark zero-force and body-weight 
lines on the recorder paper during the period of activity. 
4.5 The Experimental Area 
The need for rapid assembly and dismantlin6 of equipment in teraporarily 
67 
occupied laboratory space imposed simplicity on the arrangements. 
	
The 
essential re4uirements for filming were:- 
a) a backcloth, for which large rolls of photographic black paper, or 
preferably rough black curtain material were employed. 
	
(Smooth-surfaced 
cotton and man-made fibre materials have a considerable reflective sheen 
under intense lighting and may give poor contrast in the final picture.) 
b) a distance scale in the plane of movement, provided either by a marked 
vertical bar or a subdivided white chalk line running across the floor at 
right angles to the camera's axis of view. 
c) a vertical reference line, provided by a plumbline of white cord hanging 
well behind the region of movement. 
d) mains power supplies. 
In cases where the vertical bar distance scale might impede movement, 
floor markings were preferred. 	 In some experiments a scale was filmed for 
a few seconds and then removed completely from the working area. 
4.6 Pre-Paration of tne Subject 
A black felt-pen was used to mark the estimated joint centres at the 
ankle, knee, hip shoulder elbow and wrist. 	 The subject wore briefs tied up 
sufficiently at the side to reveal the hip joint marker. 	 lie was also allowed 
indoor training shoes for comfort in jumping on hard surfaces. 	 Joint centres 
were satisfactorily located by observing the skin region which remained 
stationary during simple limb flexions. 
4.7 Two Ex-eerimenta1 Activities 
A) 	 The drop-landinp 
In a downward jump on to a firm surface, the lower limbs act as a shock 
absorbing mechanism against impact loading applied at the feet. 	 To provide 
some information on a simple, non-injurious impact situation the subject was 
asked to hang from a horizontal bar above the surface of the force platform. 
Le was filmed with a Bclex camera as he allowed himself to drop and made a 
comfortable landing on both feet. 	 The foot thrust measured by the platform 
68 
is reproduced in Figure 4,3 and corresponding body positions are shown. 
) The Standing Long Junn 
This activity trovided a contrast to the drop landing in that the forces 
imposed on the body are caused by voluntary muscular action rather than 
external impact. 
	 As an experimental activity it has two virtues, the 
motion up to take-off occurs in a limited area and the body action is 
symmetrical about the sagittal plane. 
The take-off and early aerial stages of a standing long jump were filmed 
at 224 frames per second with a Fastair camera. 
Readinee of Data from the Processed Film 
The film was processed only to the negative stage and was adequate in 
this form for the reading of displacement data. 
The Fastair film was first viewed by means of an Aldis slide projector 
with a 16rm film strip attachment. Hand feeding of short lengths was 
satisfactory and the full width of the film was projected on the screen, 
including timing marks at the edge. 	 Counting of the 50 Hz marks against 
the frames gave an accurate measure of the frame rate. 	 Opportunity was also 
taken to mark every tenth frame from the start of the activity t, assist 
subsequent analysis. 	 The Bolex film frames were also numbered but timing 
marks were not available and an independent camera calibration was relied 
on for the frame rate. 
Measurement of body displacements in both activities was made by 
projecting the film frame-by-frame on a white paper screen firmly taped to a 
smooth wall. 
	
A Specto Analysing Projector was employed, 2rld on each projected 
frame dividers were used to pick off the vertical displacement co-ordinates 
of the body hinge points. 	 For the longer distances a large adjustable beam 
compass was made and fitted with needle points. 	 This device allowed rapid 
measurement or distances between 12 and 23 in. 5hile the shorter leng'Lhs 
were covered by ordinary drawing office dividers. 	 Each displacement was 
measured  from a fixed horizontal datum in the picture and verticality was 
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checked against the plumbline behind the subject. 
In the case of the drop-landing, the scale of projection was small 
enough for divider settings to be transferred directly to graph paper. 
The standing long jump, however, was projected to a larger size and the divider 
measurements were read on a steel rule and recorded in tabular form. 	 The 
long jump data were taken at every tenth frame. 
On a second viewing of each activity, 'stick-man' representations of 
the body positions were drawn from fairly small projected pictures. 
At a later stage in the wcrk a Vanguard Projection Head was purchased 
under a Kodak Award and was fitted to a P.C.D. X-Y Analyser (Figure 4.2e). 
The Vanguard projector was provided with single-frame and variable speed 
control, forward and reverse. 	 Pin-register frame feeding was employed, and 
a frame counter proved useful in the relocation of specific frames. 
The P.C.D. Unit was fitted with a translucen'c back-projection screen 
on which each frame was projected to an approximate size of 18 x 24 in. 
An X-Y slide system was coupled to d. c. potentiometers, and the variable 
voltage drops across these resistors were fed to a digital voltmeter as a 
direct measure of the slider displacements. 	 The digital voltmeter was built 
into a paper tape output device. 	 If required, the voltmeter displacement 
reading could be punched out on standard five-hole tape by the operation cf 
a single push-button. 	 Scaling and zeroing facilities in the potentiometer 
circuits made available a wide range of initial settings, but in cine analysis 
the scaling was set at r6aximum and zeroing was of little importance. 	 The 
full extent of slider motion could be set at esaximlua scaling, to correspond 
to a range 0 - 1199 units cn the digital voltmeter. 	 Repeated resetting of 
the slider to the same point was possible with an accuracy of ± 1 unit. 
The Vanguard. P.C.D. Unit was used to read vertical displaeemesnt data for 
the two activities and to produce data tape for direct input into the 
computer programme of Chapter 6. Part of the long jump was analysed at 
1-frame intervals in addition to the 1O-frame spacinc: employed in the overall 
analysis. 	 The finer spacing was taken to provide datd for the detailed 
investigation of smoothing and differentiation procedures (Chapter 5). 
4.9 IlaiLlf22/212:t1EaLtatnI 
Figure 4.4 shows typical vertical displacement curves for hinge-points 
during the drop-landing, -t1-_ -)rdinates being plotted directly as measured 
from the projected film. 
	 These curves, together with data from Table 2.1 
(Chapter 2) and additional information on hinge points from the same sgarce 
(Whitsett), were used to derive segmental mass-centre displacements. 
	 The 
procedure, later written into the computer programme, is explained in.  
Chapter 6, Section 6.3 a). 
Smooth curves were drawn by eye through the mass-centre displacement 
points, and the smoothed ordinates were read off and tabulated in preparation 
for computation. 
	
The standing long jump film was treated in the same manner. 
4.10 Sources of Error 
a) 'Parellex' 
Displacement data are read from hinge points on the initial assumption 
that the markers on the body nearest the camera move in a common vertical 
'plane of motion' perpendicular to the camera axis. 	 This assumption is 
invalidated in two ways. 	 Firstly, to the camera, the edges of the plane of 
motion are at a greater distance than is the central area of the plane; 
secondly, if the body markers more out of the ;:lane of motion, toward or 
away from the camera, distances are again distorted. 
The term 'parallax' seems to be widely used to refer to both of these 
camera viewin,c4 errors, although 'obliquity' and 'depth' error are suggested 
as more informative descriptions. 	 The obliquity error in the drop-landing, 
calculated by trigonometry on the camera-subject distance, was found in the 
present work to be somewhat less than the variation of segment lengths 
between hinge-points. 	 Tha depth error cannot be properly estimated without 
information in a third dimension, u2ually by means of a second camera. 	 In 
view of these points 'parallax' correction was not employed in the calculations. 
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b) Definition  
Measurement of the hinge-point displacements is, in principle, carried 
out by projection of the film to a fairly large size. 
	
However, the 
enlargement eventually becomes self-defeating. 
	 Working close to the screen 
one finds that the graininess of a large-scale picture obscures important 
detail. 	 A reasonable compromise was found by projecting to a size of about 
3 ft x 4 ft, although on the Vanguard unit a smaller picture had to be 
accepted. 	 In either case, lack of definition sometimes made it difficult 
to pick out hinge point markers from shadow. 
c) Shift of Body Markers 
Another source of error is the inevitable shifting of skin over bone 
during vigorous activity. 	 The resulting displacements of the markers are 
one cause of the errors in apparent length described under a). 	 in some 
moticns markers are completely obscured, especially by extreme flexions at 
the shoulder and by covering of parts of the body by the arms. 
A further effect eseociated with delineation of segments is the assumption 
that the Head-Trunk is a rigid body, whereas flexion can and does occur. 
In the present studies, as in other work, the Head-Trunk has been defined 
by the hip and shoulder joint markers and its mass-centre located on the 
straight line joining them. 
d) Displacement :easurement and Data Processing 
Measurement with dividers and ruler, or by the potentiometer system 
of the film analyser, are accurate techniques compared with the errors 
outlined above. 	 Less precise are the estimations of segmental mass•centres 
from standard data; the latter differ from the real, slightly variable 
mass-centre positions of parts of the subj:ct's body. 	 Further computation, 
including smoothing and approximate methods of differentiation, while 
modifying fundamental errors, themselves introduce inaccuracies of a complex 
nature. 
At an early stage in the work a decision was taken to deal with the 
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data under the combined influence of all sources of error, and to develep 
computational methods which would be successful in such circumstances. 
	
The 
only error which permits simple numerical correction is that caused by 
obliquity, and its effect has been found fairly sTall. 
	
The remaining 
inaccuracies are much less tangible and it was found in preliminary calculation 
that meaningful results were obtained by regarding all the error sources as 
an overall 'noise' contaminaticn of the cine data. 
4.11 Preliminary Calculations 
The motion of the arms in the drop-landing was badly recorded on the 
film and the preliminary analysis ignored their effect. 
	 A simple three- 
segment model comprising Head-Trunk, Thighs and Lower-legs-plus-feet was 
taken to describe the body action. 
A series of force calculations was carried out by the application of two 
stages of first-difference numerical differentiation. 	 Velocities were first 
obtained and srsooth curves drawn through the plotted points. 	 The smoothed 
data were read back into the tabulation and a further first-difference process 
gave the acceleration of each segmental mass-centre. 	 The latter points were 
again smoothed and final values of inertia force were produced with the aid 
of segmental mass-proportions from Table 2.1. 	 Manae_l calculation over only 
twenty frames of film required a tabular layout with about 600 entries. 	 A 
summary of the resolts appears in the discussion of computational methods in 
Chapter 5. 
While comparison of the computed forces and those measured by the force 
platform was encouraging, two problems emerged. 	 Firstly, curve fitting 
'by eye' and numerical differentiation require investigation in order to ;ivy; 
a clearer understanding of the modifications undergone by the data during 
these approximate procedures. 	 Chapter 5 presents a summary of possible data- 
precessinc- techniques and a closer examination of selected methods. 	 secondly, 
the amount of numerical work for only a short run of film points to the liced 
for a computer programme. 	 Chapter 5 indicates the development from manual 
computation to techniques suitable for the commIter, and in Chapter 6 the 
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computer programme is explained in detail. 
Chanter 5 
• 
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Introduction 
Measurements on eine film of a human activity provide sets of displacement 
time data. 	 If a displacement-time graph is plotted, the points should 113 
along a fairly well defined curve, but there will be some scatter of points 
about a 'smooth' curve passing among them. 
	 The process of fitting a smooth 
curve to slightly erratic date points may be carried out in several ways. 
Whichever method is employed, it is difficult to specify the 'right' curve 
for the data. 	 Indeed, the choice of a 'best' curve, despite refined 
computational techniques for curve fitting, remains a somewhat arbitrary 
procedure. 
	
The purpose of this discussion is to consider some of the 
available techniques and their app] icability to the analysis of tine data 
on human movement. 
5.2 Smoothing Techniques 
a) Curve FitIiy by E'er 
A curve may be quickly fitted to data points on a. graph by sketching a 
reasonable line passing near to or through the points. Human judgemert of 
the 'best' curve is, for many purposes, satisfactory, but no-one would argue 
that the process is repeatable nor that it will produce the same results when 
applied by different people. 	 Moreover, it is impossible to describe mathe- 
matically the decision processes by which the curve is determined. 	 It is 
therefore difficult to specify exactly what has been done to the data by 
this form of curve-fitting and smoothing. 	 If the modifications to the data 
points caused by the fitting of a 'best' curve are to be examined, and if the 
terra 'best' is to be given a less subjective meaning, more exact methods are 
necessary and the problem has been approached in several ways. 
b) Polynomial Curve Fitting 
The simplest example of polynomial fitting is the regression line. 	 It 
is assumed that a straight line, or polynomial of the first order, will give 
a satisfactory 
	
and the two coefficients necessary to specify the line 
are determined by the !_east souares principle, using all the data points. 
6 
When a higher order polynomial is judged to be a suitable representation 
of the data, several coefficients must be determined. 
	
For n data points, the 
polynomial fitted cannot be of order greater than (n-1). 
	 The curve of 
order (n-1) fits the data points exactly. 
If smoothing is to be introduced, the polynomial fitted will he of order 
m < n-1. 	 Rather than choose a specific value of m as the most suitable 
order for the fitted function, it has been pro
-pcsed that the whole range of 
polynomials ( m=1 (1) n-1 ) be fitted and some criterion be found to select 
the 'best' fit. 
	 For example, the criterion may be based on the mean square 
of the residuals, where 'residual refers to the difference between a data 
point and the corresponding ordinate on the fitted curve (Cook (2) ) 
In practice orthogonal polynomials are preferred to ordinary power 
functions because the equations for the coefficients generated by the least 
squares principle are less likely to te an ill-conditioned set. 
c) Periodic Functions 
The periodic functions, sine and cosine, form one of the many sets of 
orthogonal functions. 	 Fourier showed that periodic functions may be used in 
the same way as orthogonal polynomials for fitting a curve to experimental 
data. 	 Fourier hnalysis introduces the concept of frequency structure of a 
data record. 	 If the fitted function is expressed by  sinusoidal terms of 
increasing frequency, it is usually found that the high frequency terms 
represent a 'ripple' superimposed on the more slcwly varying curve of the low 
frequency components. 	 This effect suggests that the error fluctuation of 
data ;oints about the smooth curve is described by the higher frequency terms 
of the fitted periodic function. 
Just as reduction in the order of a fitted polynomial is a means of 
applying nmothing to the data points, so truncation of the Fourier series 
by the omission of the high frequency terms tends to remove the srAlalle- 
fluctuations, or 'noise' in the data. 	 The remaining low frequency terms 
are then supposed to represent the 'true' course of the curve. 
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Lanczos (4) advocates this form of Fourier emoothing. 
	 It is necessary 
to take the Fourier analysis to the maximum number of terms. As Y4 th 
polynomial fitting, this number is determined by the number of data points 
available. 	 The Fourier coefficients should decrease in magnitude toward the 
higher frequency end of the series and all those above a critical 'cutoff' 
frequency may be removed as noise. 
	 Lanczos shows how the Fourier series 
may be expressed purely in terms of sines so that discontinuities at the 
ends of the data set are avoided. 	 Judgement of the 'cutoff' frequency is 
somewhat subjective and truncation above this level assumes that all the 
high frequency terms represent noise. 	 Nevertheless, the technique yields 
valuable insight into the composition of the data and is closely related to 
the more sophisticated methods of spectral density analysis which have been 
developed in the electronic and vibration fields. 	 Fourier smoothing is 
considered in more detail in Sections 5.5 and 5.6. 
d) Moving Averages  
For any group of adjacent data points, a smoothed value for the mid- 
pcint of the group is obtained by taking the arithmetic mean of the group. 
The larger the group, the more severe the smoothing effect. 	 Hamming (3) 
demonstrates the effect of a three-point moving-average in terms of the 
frequency structure of the data; the procedure effectively removes the 
upper half of the frequency range represented by the Fourier analysis of the 
data. Moving averages on more than three points have an even more severe 
smoothing effect. 
5.3 Differentiation Technioues 
The estimation of velocity from displacement-time data is a process 
sensitive to errors in the data points. 	 Calculation of the second derivative, 
for acceleration, is still more difficult. 	 The differentiation formulae of 
classical numerical analysis, based on successive differences, are of littic,  
value because errors propagate uncontrollably through the difference table. 
Lanczos (4) demonstrates the effect clearly. 	 Many numerical analysts 
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regard the computation of derivatives as a dubious procedure, but some 
practical methods have proved fairly successful. 
a) First Central Differences 
Human judgement of the 'best' fit curve may be extended to differen-
tiation by judging the tangent to the curve, a fairly inaccurate method. 
Alternatively, the smoothed data provided by the 'Lest' fit may be used in 
the elementary first difference formula:- 
r-14-1 - 7 in 
&c. 
which uses the chord to estimate the gradient of the tangent. 
	
The resulting 
graph of derivative values should itself be smoothed before final values of 
or second derivatives are taken. 
	
Despite its apparent crudity, this 
procedure may, with experience, be relatively accurate, but human judgement 
is necessary at the smoothing stage. 
b) :2121221ynomial Differentiation 
Lanczos proposes a development of polynomial curve fitting for the 
calcu:ation of derivatives. 	 Given a set of data points, he takes a small 
subset of r adjacent points and fits a polynomial of order seer to them. 
The first or second derivative at the midpoint is given by appropriate 
algetbraic differentiation of the polynomial. The process is repeated by 
moving the subset along the data points. 	 The least squares polynomial 
provides 'local' smoothing of the data prior to differentiation and the 
derivative formulae are expressed directly in terms of the data point values. 
Lanczos combines this treatment with Fourier smoothing by truncation. 
c) Overall Polynomial Differentiation 
If overall smoothing is carried out by a polynomial fit to all the 
data points, it is possible to obtain derivatives by algebraic differentiation 
of the polynomial expression. 	 Plajenhoef (7) proposes this approach, 
suggesting polynomials of order 4 to 9 for human motion analysis. 	 The 
procedure appears to give good results. However, it is worth noting that 
while a polynomial js /educed in order by differentiation, velocity and 
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acceleration curves from displacement data often exhibit a progressive 
increase in the number of their maxima and minima suggestive of an increase 
in polynomial order. 
	 Plagenhoef does not give an analytical justification 
of his procedure. 
	 Certainly its counterpart for periodic functions is not 
satisfactory. 	 Lanczos points out that term-by-term differentiation of the 
Fourier series will always lead to large errors. 
d) Interpolation Prior to Differentiation 
Wallach and Saibel (8) use a novel technique. 
	 Having fitted a cubic 
to a group of five data points, they interpolate to create 49 new values 
between each adjacent pair of original data points. 
	 This closely spaced 
smoothed data is fitted, in sequential sets of 101 points, with a new cubic, 
and derivatives are obtained algebraically from the cubic expression. 
e) Check Integration  
Felkel, quoted by Paul (5), suggests integration of the curves produced 
by numerical differentiation, but there appear to be no practical studies 
incorporating this kind of check, desirable though it is. 
5.4 Summary of Smoothie- c- and Differentiation Techniaues 
a) SmoothinE 
Method. 	 Comments 
Curve fitting 'by eye' 
Polynomial curve fitting-
ordinary power series or 
orthogonal functions 
(Cook) 
Periodic functions. Fourie 
fitting and truncatinn 
(Lanczos) 
Moving averages 
	
For 	 Rapid and informative if the general 
smoothed form is known 'a priori'. 
Highlights bad data points for 
re-measurement. 
Against Heavily subjective. Non-repeatable 
Cannot be computerised. 
	
For 	 Computational procedures and programme: 
available. 
Against Selection of suitable polynomial 
order is partly subjective. 
	
r For 	 Brings out the frequency structure 
of data. Computer programmes available. 
A ainst Truncation smoothing by omission of 
high frequency terms may remove both 
'noise' and real data. 
	 Choice of 
'cutoff' frequency partly subjective. 
	
For 	 Simple manual calculation. 
Easily programmed. 
Against May oversmooth with wide data spacing. 
b) Differentiation 
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Tangent drawn by eye' 
First Central Differences 
Higher Difference formulae of 
Numerical analysis 
Local polynomial differentiation. 
A subset of 4 to 9 adjacent points 
contributes to the value of the 
derivative at their midpoint. 
Fitted polynomial usually of 
order 2 or 3. 
(Lanczos) 
For 	 Rapid 
Against Unreliable and unrepatable 
For 	 Rapid. Often satisfactory if 
preceded and followed by 
smoo thing. 
AFainst Poor when displacement curve 
is significantly curvilinear 
between data points. 
For 	 Nothing 
Against Errors spread wildly through 
the difference table 
For 	 Local least squares smoothing 
of the subset, governed by 
the number of subset points 
and the order of polynomial 
fitted. 	 Easily computerised 
in terms of data point values. 
Aoinst Choice of number of points 
and polynomial order subjectivi 
A danger of oversmoothing 
derivative values. 
Overall Polynomial differentiation For 	 Programmes available 
(Plagerhoef) 	 Agajnst Subjective choice of poly- 
nomial order. 	 Decrease in 
polynomial order seems at 
variance with increasing 
maxima/minima of derivative 
curves. 
Polynomial fitting with 
interpolation. Algebraic 
differentiation. 
(Wallach and Saibel) 
For 	 Interpolation reduces data 
spacing and oversmoothing is 
less likely in the 
differentiation. 
1
€;ainst Considerable increase in the 
data to be handled. 
Fourier smoothing combined with 
local polynomial differentiation 
ForAdvantages of the individual 
..••••n•• 
techniques. 
Against A semi-computerised process 
with human intervention. 
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5.5 Fourier Smeo.hinp: - Basic Concepts 
a) Sampling frequency  
Cine film provides a sampled-data record of motion. Basically, the 
szalinalEtal2Ea is the rate at which the tine frames are exposed, that is, 
the frame speed, provided that the user takes data from every frame. In 
this discussion, however, sampling frequency denotes the rate at which data 
is actually taken for analysis. For example, film taken at 500 frames per 
second may have data read from only every fifth frame, so that the data 
sampling freouency is 100 items per second. 
b) Aliasinr-  or folding 
The well-known cinema illusion of stage coach wheels revolving backwards 
is an example of aliasing in sampled data. 	 The essential point is that 
sampling of a periodic function at a sampling frequency "11 leads to a two- 
valued solution for the frequency of the measured function. 	 Two functions, 
having frequencies 	 , cannot be distinguished from each other by means 
of the sampled data record. 	 Thus, information relating to periodic functions 
between 	 confused with that pertaining to functions between.re.:%, 
4 - 
The information is folded back on itself at )7.2)s , the foldinLr frequency, and 
the duality so created is termed aliasinE. 	 The phenomenon is fundamentally 
mathematical and is not confined to visual illusions. 
c)  
Since any displacement-time record may be analysed by Fourier methods 
into periodic functions, the effects of aliasing on non-periodic sampled 
data from tine film may be investigated. Lanczos describes a method in 
which any section of a sampled-data record may be analysed into a Fourier 
series consisting only of sine terms. 	 The data must first be prepared by 
subtracting a linear trend. 	 This process ensures continuity in the function 
and in its first derivative at the ends of the range, and transforms the 
data into an odd function. 
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The Fourier coefficients are evaluated in terms of the data-point values 
For N data points, at most N unknown coefficients may be found, of which only 
half are sine coefficients. 
	 Thus, there will be only N/2 sine frequencies 
in the odd-function expansion of the N data points. 
	
This halving effect is 
another expression of the folding frequency. 
Provided that the cinechLta behave as Lanezos indicates in his numerical 
examples, it will be possible to fix a 'cut-off' frequency, 
	
somewhere 
below the folding frequency. 	 • 	 Frequencies between -\? 
	
and 
are then discarded as 'noise', and those below Vc. are interpreted to be the 
'real' information provided by the data record. 	 Figure 5.1 illustrates the 
relationships between the frequencies. 	 Clearly, it is possible to raise 
the folding frequency by increasing the sampling frequency -\;s . 	 There is 
however, little point in this step if the 'cut-off' frequency 	 is fairly 
well established at a low value. Any increase in folding frequency merely 
adds noise terms to the Fourier expansion and the extra data handled provides 
no real benefit. 
The applicability of Fourier smoothing is best shown by numerical 
examples, which follow. 
5.6 Fourier Smoothing - Apiolication 
a) Data 
Cine film of a standing long jump was taken in side view at 224 frames 
per second to provide data on a vigorous voluntary activity. 	 A fuller 
discussion of the jump action appears in Chapter. 7 but for this analysis 
attention is confined to the violent arm-swing prior to take-off. 	 The 
vertical displacement co-ordinates of the elbow joint were, for purposes 
of comparison, obtained in two ways, by direct projection and measurement 
on a rigid screen, and by the Vanguard-P.C.D. film analyser. 	 Typical 
curves at two different sampling frequencies are shown in Figure 5.2. 	 The 
files analyser operatPd at two different scale factors for these sets of data. 
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b) Computation 
Computation was carried out by means of a recently developed programme 
for Fourier analysis presented as an M.Sc. Thesis by Andrew (1). 
	 I was able 
to copy the programme and made a small modification by suppressing the 
printing out of residuals related to a best-fit procedure. 
	
The programme 
accents a set of equi-spaced data points. 
	
After removal of the linear trend 
(Sections 5.5.c) and Figure 5.2 ), the modified data was reflected about its 
origin to obtain one cycle cf the odd function to be analysed. 	 Thus a basic 
set of 30 data points entered the programme as a reflected set of 58. 
c) Results 
A typical computer print-out is given in Table 5.1. 	 The frequencies, 
J, of the Fourier terms are integer-valued because tne programme regards 
the data spacing interval as unity. 
Transformation of the data prior to computation is intended to make 
all the cosine coefficients AO) equal to zero. 	 The minute values actually 
printed out are caused by rounding errors in the data and are obviously 
negligible. 
The sine coefficients B J' express the frequency structure of the data. 
Figure 5.3 summarises the results of three separate analyses. 	 It is important 
to note that in every case there are as many Fourier terms as the data will 
allow. 
The Lanczos smoothing procedure is based on the deletion cf insignifi- 
cant higher-frequency coefficients, and the 'cut-off' frequency -\),_ is 
determined by inspection of the B (J) plots. 	 In the present case there sexes 
clear justification for the omission of several high-frequency terms in each 
analysis. 
d) Interpretation 
Proper interpretation of the Fourier analysis involves the assignmrIL 
of real values of frequency to the abscissae of Figure 5.3. 	 These are 
TAPS- E 5,1 
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$7/2:1/41•4 [-Di C, 	 t,4C, JUMP DATA /6..-"r 	 SPAC__INC 
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obtained as follows:- 
Frame speed of original film 
Data at 20-frame snacin 
Sampling frequency 
Pc] ding frequency 
assigned to highest 
Fourier coefficient 
J=20 
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224 frames / s. 
224 / 20 = 11.2 item / s. 
5.6 	 It 
Data at 10-frame spacing 
Sampling frequency 	 224 / 10 . 22.4 item / 00 
Folding frequency 
	 . 11.2 
	 ft 
( for J . 23 ) 
Intermediate frequencies are obtained by simple proportion. 
Inspection of Figure 5.3 suggests that it is safe to consider Fourier 
terms above the frequency 5 per second as noise. 
	 Their magnitudes are 
relatively very small and their signs oscillate fairly randomly between 
positive and negative. 	 The cutoff frequency -,),c may therefore be set at 
5 per second, and this implies that the folding frequencirl-m'' of the sampled 
data could be as low as 5. 	 Thus the sampling frequency may be reduced to 
10 per second without any loss of real information. 
	 This latter is approxi- 
mately equal to the sampling frequency of the 20-frame data and about half 
that of the 10-frame data. 	 The latter are rich in noise frequencies and 
the consequences of this contamination will become unpleasant when derivatives 
of the displacement curves are computed. (Section 5.11.g)). 	 The Fourier 
treatment therefore indicates that the motion would be adequately recorded 
on film running at only 10 frames per second. 	 Indeed, if an even bolder 
cutoff frequency, around 3, were 'allowed, the corresponding frame speed would 
be 6 per second. 
	
such a low cutoff frequency is not unreasonable in the 
light of Figure 5.3 although it may he considered undesirably close to the 
limit of the 'real' information band. 
05 
e) Discussion  of Fourier smoothin,c; 
The remarkably low frame speeds derived here may at first sight seem 
unacceptable. 
	 The implication is that very sparse recording of data is 
sufficient to define the displacement curves for voluntary human motion. 
The taking of film at higher frame speeds, with subsequent smoothing of the 
displacement curves (perhaps using curve fitting 'by eye' ), may finally 
yield no more information than is contained on very low speed film. 
must not be assumed that Fourier, or any other form of smoothing is perfect. 
Some meaningful information is inevitably removed with the noise and cannot 
be separated from it. 
	 Nevertheless, such a sacrifice must be made if 
sensible results are to be obtained from differentiation of the data. 
The results of this Section serve to show that frequency analysis of 
biomechanical data will repay further investigation. 	 There appears to be 
no published work in the field which takes account of the frequency structure 
of cine information, but the approach will probably become increasingly 
important and displace intuitive choice of frame speed and of the degree of 
smoothing to be employed in data analysis. 
Extension of the work 'requires a study of translational and rotational 
displacements of all body segments, and particularly of the extremities_ of_ 
the limbs, which generally have the highest velocities and accelerations. 
It will also be informative to analyse body motions influenced by external 
impact. 
	
These should not be classified as voluntary movements, though they 
may still be non-injurious. Kicking and landing from a downward jump are 
typical examples in which very high rates-of-change of force are suffered by 
the body. 
	
Later sections of this work demonstrate that accelerations in 
such cases are much larger than can be produced by voluntary muscular action. 
Thus, the impact situation may contain important high frequency terms which 
cannot be regarded as noise. 
5.7 Differentiation -  Basic Concepts 
a) NaLrlification of errors 
Figure 5.4 demonstrates why the errors in derivative estimates are 
generally much higher than those in the displacement ordinates. 
	 If ordinates 
+ r 
z1 and -`2  are subject to error -o , the estimates of gradient in the interval 
It may lie between the extremes AD and BC. 
	 To express the order of 
magnitude of first-derivative errors, consider:- 
'True'gradient 
AD gradient 
Proportional error in 
AD gradient 
Proportional error in 
z - ordinates 
The gradient error is much larger than that of the z-ordinates 
themselves because of the factor 2 in the numerator and the small difference 
(Zan in the denominator. 
b) The effect  of data spaeing 
If the error band is constant for all displacement ordinates there 
appears to be some advantage in increasing the data spacing to reduce errors 
inderivative estimates. 	 The effect is shown in Figure 5.5, where the 
range of gradients AF and BE is somewhat less than that of AD and BC. 
If, however, the spacing j.s increased to ri 3, , the derivative estimated 
over such a large increment is only a crude mean value of the rates-of-change 
of the true displacement curve, and only a small number of derivative values 
will be obtained. 
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c) 2LEElctical 
 approach to the differentiation problem  
The obvious answer is to reduce the ordinate error 6 by some smoothing 
process. 	 Initial smoothing of displacements by Fourier methods has already 
been considered, and it is clear that complete removal of noise is impossible. 
The fact that derivatives are so sensitive to small errors in the fundamental 
data makes it difficult to distinguish between genuine small f luctuations 
due to body movement and error fluctuations of about the same magnitude. 
The practical solution may be to smooth the displas.ement data to such a 
degree that minor effects of body motion are eliminated and only the main 
course of the motion pattern is retained. 
	 Extreme accuracy in the marking 
of body hinge-points or in the measurement of ordinates from vine frames is 
of little value. 
	
The shifting of markers on the skin, and the distortions 
due to filming and projection, give rise to displacement errors which mast be 
smoothed quite severely, and the smoothing process counteracts the value of 
high experimental accuracy. 	 For this reason good Quality film of athletic 
events on track and field may yield as much information as that taken with 
refined laboratory preparations. 
The first-difference method, used above for illustrative purposes, 
indicates that similar problems will be found in using the more sophisticated 
differentiation techniques of Section 5.3. 	 For instance, the local polynomial 
methods, developed by Lanczos, are subject to the error-magnification effects 
indicated above, although least-squares fitting provides a measure of smoothing 
The effect of data spacing, illustrated in. Figure 5.5 for two Points, will 
influence multi-point formulae in a similar way. 	 A secondary data spacing 
effect is linked with the number of data Points (between 4 and 9) to which 
the local polynomial is fitted. 	 The nine-point formula is liable to 
eliminate real gradient changes by oversmoothing, in much the same way as 
does the first-difference formula when applied over a large increment. 
There is no 'a priori' criterion for selection of the mos suitable 
local polynomial for differentiation of given data. 	 Two Empirical tests 
8 S 
are proposed to check the validity of differentiation processes: 
(i) Apply several different derivative formulae to a typical 
data set and compare results, especially those for the 
sensitive second derivative. 
(ii) Select one or two formulae on the basis of (i) and apply 
them to acceleration calculations for a whole-body motion 
performed on a force-platform. 
	 Compare the resultant 
force with the corresponding curve obtained from the 
force-platforiL. 
On the basis of these comparisons it is possible to select 
differentiation procedures which take a middle path between oversensitivity 
to noise and oversmoothing of real variations. Only at this stage should 
one apply the formulae to calculations of acceleration and force for 
individual segments necessary in a more detailed study of the motion. 
5.6 La... 1 9.Locall erenti  
a) Principles  
The Lanczos technique is chosen in preference to other methods listed 
in Section 5.4 because his basic idea gives rise to a flexible group of 
formulae. 	 Figure 5.6 illustrates the principle of local polynomial least- 
squares fitting to five data points, and differentiation of the function for 
the mid-point derivative. 	 The flexibility of the method lies in two 
factors:- 
(i) The number, r, of data points in the group may be varied. 
(ii) The order, s, of the polynomial fitted to this group is 
variable ( s = 1....r-1 ); a quadratic or cubic is 
usually employed ( 	 or 3 ). 	 Smoothing is more severe 
with smaller s. 
Seven-point and nine-point formulae are also given on Figure 5.6. 
Special forms for the end-point derivatives are not quoted. 
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b) 	 omparisons between formulae 
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A number of comparisons have been made between the available formulae for 
first and second derivatives, and the work extended to cases not covered 
in Lanczos' text. 	 Figures 5.7 and 5.8 show typical results and give 
sufficient material to support the argument. 
	
The second derivatives, being 
the more difficult to obtain, receive fuller discussion and results of double 
application of the first-difference technique are presented as an independent 
method. 
Figure 5.7 shows a set of acceleration curves obtained by the 
application of four second-derivate techniques. 
	 The displacement data common 
to all four were constructed from F. curve given by Paul (6). 
	 His use of 
the nine-point formula alone led to query whether the accelerations might 
have been oversmoothed. 	 The question was important because the accelerations 
were used in calculations of forces in joints during walking. 
	
The curves 
of Figure 4.7 suggest that the nine-point formula applies rather severe 
smoothing, while the five-point, with no initial smoothing of data, leads to 
erratic results. 
	
Intuitively, the compromises offered by the other two 
curves are more satisfactory. 
Figure 5.8 gives results of four second-derivative processes applied 
to vertical djsplacement data on the shin mass-centre during the drop- 
landing of Chapter 4. 	 The data were smoothed 'by eye' prior to differen- 
tiation. 
	
Again, the first-difference and five-point formulae agree acceptably 
while the seven and nine-point methods appear to oversmooth the acceleration 
peaks. 
A number of comparisons of this kind led to the adoption of three 
methods for general application to tine analysis of human movement. 
(i) First differences with smoothing 'by eye' for velocity and 
acceleration calcu2ations on a desk calculator. 
(ii) The five-point, second order, first-derivative form for velocity: 
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(iii) The five-point, third order, second-derivative form for 
acceleration (Figure 5.6) 
For computer application (I) is useless because of thc. need for 
human intervention; (ii) and (iii) are easily programmed. 
5.9 pL_crr .r ...._%o-am iczosFormulae 
a) Valjdation tests 
In Section 5.7 c) two tests for validation of differentiation formulae 
are outlined. 	 The first has been considered above. 
	 The second leads to 
large amounts of numerical drudgery warranting the development of a computer 
programme. 	 The final form of ;programme is described in Chapter 6. Here 
comment is restricted to the programming and testing of the five-point 
formulae, 
b) Prior smoothing,: 
Experience suggests the smoothing of displacement data prior to 
differentiation. 	 Fourier smoothing is most informative but a programme 
was available only at a late stage and is quite elaborate. Moreover 
truncation of the series would require additional programming simulating 
the subjective choice of cutoff frequency. 	 Smoothing 'by eye' is obviously 
not amenable to expression in mathematical form. 	 Although 'raw' data from 
eine measurements might first be smoothed by either process, and then fed 
to the programme, it was preferable to develop a computational scheme to 
take data tape from the film analyser in the 'raw' state. 	 An easily.  
programmed smoothing process is the moving average method. 	 After a number 
of desk-calculator tests, the three-point moving-average emerged as a useful 
compromise, unlikely to oversmooth the displacements. 	 Nevertheless, during 
testing of the programme, the prior smoothing was made optional so that its 
effects could be assessed, 
Hamming (3) shows the effect of the three-point moving-average on the 
frequency structure of data; broadly, it removes the upper half of the 
frequency range. 	 Thus, it is similar to the setting of a cutoff frequency 
Data spacing 
(frames) 
Sampling frequency 
( item / second) 
Notes 
(relevant part of Section 5.11) 
	
1 	 224 
	
4 	 56 \ 
	
5 	 e.4.8 	 c)
- - 
	
6 	 57.3 
	
10 	 22.4 c) d) e) 	 g) 
	
20 	 11.2 	 b) 	 d) f) g) h 
b) c) 	 e) 
e) 
c) Data input to the rrogramme  
After selection of moving-average smoothing and five-point differen- 
tiation as working procedures, there remains one more option. 	 The time- 
spacing of data (the reciprocal of the sampling frequency), may be varied, 
either by changing the frame speed of the original film, or by reading data 
from every nth frame. 	 The latter method in Figure 5.2 uses every 10th and 
20th frame. 
	 The data spacing effect described in Section 5.7 b) will 
somewhat influence the five-point formula. 	 (The secondary spacing effect 
of the number of points in the polynomial formula disappears now that the 
five-point form alone is to be used.) 
Computation will be employed at this stage in comparisons between 
calculated thrust at the feet and the correspondin6 reaction measured by the 
force platform. 	 This constitutes the second validation test (Section.. 5.7 c) ) 
It is informative to t'ake several sets of data from the same cine record with 
different time-spacings, and ran each set with the force analysis programme 
(Chapter 6). 	 The first test activity, the drop-landing, is analysed only at 
the frame speed )f the film, but the second, taken at a higher frame speed is 
well suited to the study or changes in sampling frequency. 	 Six frequencies 
were used in the test runs:- 
Table 5.2 Data S acin r for Standing Lon• Jump 
Frame speed 224 p,.?r second 
The experimental procedures and initial analyses of the two test 
activities, the drop-landing and the standing long jump, have been described 
in Chapter 4. 
91 
5.10 Force Comparisons for the Drcls-Landinlz 
The experimental procedure and the results of a preliminary desk- 
calculator study are presented in Chapter 4. 	 FiGure 5.9 adds force 
computations from the p ogremine of Chapter 6. Some general points concerning 
the comparisons should be borne in mind:- 
a) Only screen measurements of displacement are used. 
	
Analyser 
readings were taken, but gave dubious results via the programme. 
Considerable noise appeared in the results and they are nct Presented 
here. 
b) Vertical force components only are used. (Chapter a) 
c) Arm motion is not included. (Chapter 4) 
d) The initial peak recorded by the force platform cannot be computed 
from film data. (Chapter 4) 
e) Synchronisation of the force platform record with computed curves 
is based on general agreement of maxima and minima. (Chapter 4) 
f) The end values (frames 1, 2 and 18, 19) are less reliably computed 
than the central group. 	 In the five-point formula, two synthetic 
displacement points are created by extrapolation at the ends of the 
range to allow some estimate of end-point accelerations. 
In assessing the effectiveness of the computation, two points may he 
made:- 
(i) Oversmoothing of the force peak at frame 5 occurs in both 
computational methods, but fairly good agreement is achieved over the 
more moderate rates-of-change later in the motion. 	 This result 
suggests that, around frames 2-6, a finer data spacing in the displace- 
ments would have been valuable. 	 However, as I have shown with Fourier 
smoothing, and will reinforce in the next Section, the additional 
information provided by the higher sampling frequency is useless if it 
is inextricably mixed with noise at the higher frequencies. 
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(ii) The difficulty of isolating real variations from noise of the same 
order of magnitude is illustrated in Figure 5.9 at frames 11 and 15. 
The small fluctuation at frame 11 registered by the force-platform 
is apparently detected by the five-point technique. 
	
But a conenuted 
fluctuation of the same magnitude at frame 15 has no counterpart on the 
force platform curve. 
	 It is questionable whether we may accept the 
first and ignore the second on analytical grounds. 
	
Both fluctuations 
are due to noise, and the first-difference curve is at least as reliable 
as the more capricious five-point result. More detailed noise analysis 
would throw light on the discrepancies. 
5.11 Porce Comnarisons for the Standinq Lonc:jumE 
a) Factors affectini7 the numerical anal'sis 
The influence of a number of factors on the differentiation procedure 
was considered. 
	
Table 5.2 gives the six data spacings (sampling frequencies) 
employed. 	 With other factors listed below, the possible factor combinations 
number several hundred, each requiring numerical analysis on a set of 
displacement data. 
	
In fact, only about 30 of the possible combinations were 
taken, but each factor appeared in at least one computational run. 	 The 
summary in this Section condenses the findings, but shows the main line of 
argument as it emerged. 
Table 5.3 Factors affecting the numerical analysis of  
Standing  Long  Jumn data 
Number of 
Factors 
	
Combinations Factor 
Velocity and acceleration 
Typical segments and whole-body 
Screen and Analyser data 
Sampling frequencies 
Zero, one and two smcothings 
[ First-difference and five-point 
formulae 
2 
2-5 
2 
6 
3 
2 
288 
(Min) 
722 
(Max) 
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The basic sine data are presented in Chapter 4. 	 A four-segment model 
forms the basis of the vertical force analysis. 	 The remainder of this Section 
gives comments on the sequence of graphs in Figures 5.10 J and 5.16. 
b) /figure 5.IC SmootIlinE21.1.21211yser displacements  
One run of 3-pt m.a. smoothing on film analyser ordinates is applied at 
1-rrame spacing. 	 The smoothing is insufficient. 	 It appears that the three 
points at 20-frame spacing may be adequate to define the smooth displacement 
curve. 
c) Figure 5.11  Segment velocities at three data s icings 
The erratic nature of velocities obtained for the smoothed 1-frame 
displacements of FiEire 5.10 is contrasted with the more acceptable 5-frame 
and 10-frame results. 	 The latter two, however, differ appreciably and will 
lead to widely differing acceleration curves. 
d) Figure 5.12 221-1=- Eass- entre velocities at tvio data sloacins 
These velocities are obtained by the summation of segmental momenta. 
3-pt m.a. smoothing is applied to all displacements at entry to the proFramme. 
The curves illustrate the further smoothing introduced by the wider data 
spacing. 	 Both curves are of reasonable form but we have no criterion for 
choosing between them at this stage. 
The marked smoothing effect of 20-frame spacing has already been 
observed, but even at this spacing there remain some fluctuations in the 
fundamental displacement curves of Chapter 4 which appear to justify the 
blanket use of 3-pt m.a. smoothing at entry to the force analysis pro T4aMMea 
e) Ficture 	 13 Segment accelerations at three data sracirgs 
The 1-frame acceleration curve puts in its place the vague idea that 
increasingly fine data spacing provides increasingly more accurate information. 
The effects cf very heavy smoothing on 1-frame data are achieved with much 
less effort and, in future runs, with considerable saving in film, by reducing 
the sampling frequency well below 224 per second. 
	 The 5-frame and 1C-frame 
curves are more acceptable, although there are still considerable acceleration 
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variations in the fonher. 
f) Figure 5.14 Segment inertia forces from screen and analyser data 
Both sets of displacement data were read at 20-frame spacing and run 
with the zroEramme. 	 The inertia force curves show reasonable agreement and 
there are no unpleasant fluctuations. 	 These curves suggest that total body 
forces obtained by summation over the segments will be satisfactory at 
20-frame spacing, whatever data source is used. 
g) Figure 5.15 Total vertical force at two data spacings  
The 10-frame result is unpleasantly peaked and subject to fluctuations 
which are now associated with noise. 	 Clearly, the noise content is 
considerably less than that of the 1-frame data of Figure 5.13, but the 
20-frame data appears to deal more effectively with the noise problem. 	 As 
further evidence a second derivative curve was calculated manually by two 
applications of the five-point, second-order, first-derivative procedure. 
This process is essentially the same as the nine-point second-derivative 
technique discussedarlier. 	 As expected, it produces a curve which over- 
smooths the peaks to an unacceptable degree. 
A criterion emerging from these curves is that the 20-frame results 
from the force analysis programme seem to steer a reasonable course between 
the undersmoothed 10-frame curve and the oversmoothed nine-point result, for 
this  1)articular motion study. 	 Further, it is suggested that if the standing 
long jump, an energetic voluntary activity, is satisfactorily analysed by the 
programme at a sampling frequency of about 11 frames per second (approximately 
that of the 20-frame data), then most voluntary motions should respond well 
to the same computational procedure. 	 Other methods are liable to cause 
under or oversmoothing. 
h) Figure 5.16 Computed and force-platform results 
w VV 
The standing long jump film was taken and analysed at a time when the 
force-platform was not available. 
	 By the time the platform was in operation, 
the subject was no longer available. 
	 Thus, the comparisons of Figure 5.16 
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depend on an inevitable, but interesting hypothesis. 	 The force-platform 
curve is typical of the records obtained from a number of jumps by subjects 
whose performance was similar to that of the filmed subject. 	 Competence 
was judged on the ability to accomplish a seven-foot standing jump. 	 The 
force records for the jumps had many characteristics in common. 
The most important features, the magnitude and time-spacing of the 
maxima and minima, are reasonably reflected in the computed curves. 
The final peak, close to F/W = 2, is of particular interest, being a 
repeatable feature of the force platform records for good standing long jumps. 
The computed curves approach this maximum, giving values of 1.97, 1.90 and 
1.82 by the three methods indicated. 	 The underlying displacement data was 
in each case at 20-frame spacing. 	 Thus it appears that a critical stage 
has been reached, in that the important final measured peak is estimated to 
a greater or lesser accuracy by three similar computational procedures. 	 The 
five-point, third-order technique is common to all; the differences lie 
solely in the smoothing aprlied prior to differentiation. 	 The analyser data 
smoothed by 3-pt. m.a. gives somewhat ove-eemoothad peaks throughout, but the 
remaining two methods agree well except at the final peak. 	 Here, any choice 
between them rests at this stage on the value of a single computed point at 
the maximum, but the general course of the upper curve seems preferable. 
A further problem at the final maximum is that the computed curves do not 
exhibit the double peak recorded by the force platform. 	 These rapid force 
variations derive from displacement changes which may have been smoothed out 
at an early sta,e.e by the moving-avere.ge and data spacing effects in the 
analytical process. 
	
This raises once more the problem of distinction between 
real fluctuations and noise at the displacement stage. 
	 A more detailed 
consideration of the form of the final peak is reserved for the discussion 
of the jumping action in. Chapter 7. 
7o 
X12 Rn-rerenoes for Chapt,7:r 5 
(1) Andrew, D.D., 	 'An investigation of methods of Curve 
Fitting using Periodic and Exponential 
functions' 
M.Sc. Dissertation in Electronic 
Computation, University of Leeds 	 (1971) 
(2) Cook, J.B., 
	
'Development of a procedure incorporating 
a modified version of Forsythe's method 
for polynomial curve fitting' 
4A Project. Dept. of Computational 
Science, University of Leeds 	 (1971) 
(3) hamming, R.W. 	 'Numerical Methods for Scientists 
and Engineers' 
McGraw Hill 	 (1962) 
(4) LancLos, C., 	 'Applied Analysir:0 
Pitman 	 (197) 
(5) Paul, 	 'Forces Transmitted by Joints in the 
Human Body' 
Proc. 1 Mech.E. 181 Pt.3 J Paper 8 	 (196) 
(6) Paul, J.P., 	 'Bioengineering studies of the forces 
transmitted by joints'(ii) 
in 'Biomechanics and Related Engineerinc, 
Topics' ed. Kenedi 	 (1965) 
(7) Placenhoer, S 	 'Patterns of Human Motion' 
Prentice Hall 	 (1971) 
(8) Wallach, J., 	 'Control mechanism performance criteria 
Saibel, E., 	 for an above-knee prosthesis' 
J. Biomechanics 1. 1. 87-97 	 (1970) 
97 
Chapter 6 
AC2_221212rmme for Force Analysis  
	
6,1 	 Introduction 
	
6.2 	 Data Input 
	
6.3 	 Computational Equations 
	
6.4 	 Flexibility of the Programmes 
	
6.5 	 Typical Programme Output 
	
6.6 	 Extension of th,D Programme 
	
6.7 	 Single Cowponont Force Jnalysis Programme 
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6.1 Introduction 
In essence the programme uses the equations:- 
•• 	 .• F 	 = 	 = m TX 4- rn 
	 + 	  •I 1 • 
	 -1 	 3 3 (3.3-1)1  (3.:`)-2) 
set out in Chapter 3. 
As input, z-displacement data for the body hinge points are read from 
tine film frame-by-frame. 	 a!alini; constants and segmental parameters are 
also required. 
The programme first computes segmental mass-centres. 	 Each is then put 
through a 3-point moving-average smoothing routine. 	 These smoothed values 
are retained for later computation, but are also used to calculate the values 
of whole-body mass-centre displacement on the basis of equation (3.2-2). 
The segmental mass-centre ordinates are next differentiated for velocity 
and acceleration values by local polynomial differentiation. (Chapter 5). 
Summation of the resulting inertia forces provides numerical evaluation of 
rri e 	 ryl 	 rn33 
As an independent check the whole-body mass-centre ordinates are also 
taken through the differentiation procedures to give:- 
• • 
M 	 LB) 
Comparison between (A) and (B) is easily made on the printed output and 
provides both a computational check and a validatLon of the summation princiol( 
on which the programme is based. 
A secondary s-,mmation check may be made on the basis of momentum 
equation (3.2-3) \ 
A block diagram of the programme is given in Figure 6.1 and the full 
ALGOL text in Section 6.7. 
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(A) 
STATE PROCEDURES 
	 ADIFF,FORCE,VDIFF,MOM 
READ CONST;diTS 	 k , n b , const vconst 
     
READ DI SPLAC=ITS 
 
zeta iseg,rni; 
Figure 6.1 Single Component Force Analysis 
Programme_ Block Diagram 
READ MASS-CENTRE 
LOCATIONS 	 q iseej 
COMPUTE MASS-CENTRE 
ORDINATES FOR FIRST 	 az Eseg,m71 
b SEGMENTS 	 zeta Eseg+1,aTi 
seg . 1 ....k+1 
M = 1....n 
seg 1....0 
seg 
m = 1....n 
READ FIRST SEGMENT-
r'l MASS-PROPORTION 
SMOOTH ALL MASS-
CENTRE ORDINATES 
FOR FIRST SEGMENT 
COMPUTE CONTRIBUTION 
OF FIRST SEGMENT TO 
WHOLE-BODY MASS-
CENTRE 
nz 	 1....n 
g 	 g 1:m] + p f 1 x az 7_1 , 
    
T- 
HAVE ALL SEGMENTS\ 
BEEN USED? 
NE7s 
g [ml 
          
QEPEArT 
            
T 
 
'WRITE WHOLE-BODY 
iMASS-CENTHE 
!ORDINATE !__.. 
           
      
M = 1....n 
 
r- 
p 
            
                
READ FIRST SEGM1NT 
1-'1NASS PROPORTION 
             
CALL PROCEDUY,ES 	 accel,force,velocity momentum 
: WRITE RES1TLTS OF 	 ACCEL FORCE CTU'ORCE TEL C UNOM 
PROCEDURE CALCUL_,TIONS 
1:-?.LPEAN71
- 
const 
vconst 
from hinge-point data. 
cine-film linear sca ed/& 
cine-film linear scaleipt 
zeta [seg,m] matrix of displacement ordinates (seg = 
m 	 = 1...N I 
q &'eg] 	 set of mass-centre locations for 
segments determined by hinge-points (seg = 1..0) 
p iseg] 	 set of segment mass-proportions 	 (seg 
p tseg] 	 the above set repeated 
1.0 	 unity mass for the whole-body calculations 
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6.2 Data Input 
The programme deals with displacement data for all segments in a segmental 
representation of human motion. For plane motion the data may be read from 
tine film in two distinct sets, for the z- and the x-component displacements. 
The programme handles one set at a time. (Three-dimensional motion can be 
handled if the -axis displacements are obtainable from tine analysis.) 	 In 
addition, some constants are required, and the full data input runs as follows: 
K 	 no. of segments in the model 
N 	 no. of tine frames employed (equal time-spacing L': ) 
b 	 no. of segfflent mass-centres to be determined 
6.3 Computational Equations  
The displacement data is taken through a smoothing process, and then the 
co-ordinates of the whole-body mass-centre are calculated and stored. En 
route, the mass-centres of segments initially represented by hinge-point data 
are also determined. These mass-centre ordinates az CsegA and g [ml 
go through procedures for acceleration, inertia force, velocity and momentum 
computation. 	 Cumulative force is calculated on the basis of equation (3.3-5). 
Cumulative momentum (cumom) is based on a similar summation principle. 	 The 
working equations are indicated below:- 
a) LE1121112asc-CenLre from Hinge Points  
Take the lower-leg-foot segment as an example. 
	
Given the value of 
q locating the mass-centre of the combined segment the 
programme uses the equation:- 
r 
' 
az Ell m] 	 zeta 	 r ,m1 - q 1 11 ( zeta' L  2 m 	 - zeta 1- 1,mj) 
/ 1- / 
/ 
-/ 	 / 
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7_ ca-: E2)n-i-j 
      
  
t
zetoD)rn] 
  
    
DA.1. u m 
      
b) SmoothinE 
The displacements are put through a three-point moving average process 
in the form:- 
sm 4 seg,m; = 	 az !seg-lt m + az'seg,m' + azIseg+1,m:1  
- 	
_ 	
- 	 - 	
_  
.:) 
The end points are left as : 
sm iseg,11 = az iseg,l, 
sm Tseg,N-] = az ,seg,N1 	
• 
c) Whole-Body Mass-Centre 
	
Given the values p rseg i ( seg = 1 	 K ), the z-co-ordinates of the 
whole-body mass-centre are obtained by summation over all K segments:- 
seg = 1 
Trim- = 	 7 g L 	 g rm+prsegixaz iseg,m] 
seg = seg + 1 
repeat until seg = K 
d) Velocity 
The procedure VDIFF uses the 5-point second order least squares technique 
given by Lanczos:- 
( 	 -w2. 144 4-21i_ 
	 C 3 
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There are special forms for end point values. 
e) Acceleration  
The Procedure ADIFF uses the 5-Point third-order least squares form given 
by Lanczos:- 
= (2w
1 -w2  -2w3 
-w4 + 2w5 )/7 
f) f) Force 
The procedure FORCE uses an equation of the form:- 
FA = a x coast x prLsegl/ 32.17 
to give hondimensional inertia forces. 
g) Momentum 
The procedure MOM uses the form:- 
momentum = v x vconst x p se& 
\ 
to give momenta in the units:- mass-proportion x velocity 	 (ft/s2  .) 
Both FORCE and MOM also incorporate summation processes over the segments 
to produce =FORCE and CUMOM in the units indicated above. 
6.4 Flexibility_of the ProFramme  
(i) Normal data input presupposes that the displacements zeta [seg,711 
will be given in the following form:- 
Frame 	 Hinge 1 	 Hinge 2 ........ Mass-centre K-I 	 Mass-centre K 
1 	 Zeta 71,1] Zeta (-2,1] 	 Zeta 7K113 	 Zeta CLK+1,11 
F 
N 	 Zeta in,11 	 Zeta 'T.K.+1,n 
This (N x (K+1)) matrix is reduced to an (Nx10 matrix by the evaluation 
of the mass-centres of the first b segments. 	 It is essential that the 
hinge-points follow one another in sequence through the body. 	 The usual 
order would be: Ankle, Knee, Hip, Shoulder, Elbow, Wrist. 	 Segments whose 
mass-centres are read in directly are added in order at the end of each row 
of the matrix. 
	
Other types of data input or special output requirements 
may be accommodated as follows:- 
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(ii) Input consisting entirely of hinge points 
Output in terms of mass-centres:- 
Set t 	 K and provide q _seg]  for seg = 1....K 
(iii) input consisting entircly of mass-centres. 
Output in terms of mass-centres:- 
Set b = 1 and q 	 = 0 . No other q's are required. 
Also provide a first column in the matrix to represent a dummy 
hinge point. 	 This column may consist entirely of l's; the 
zeta values themselves are quite arbitrary. 
This technique is also suitable when only hinge points are 
considered, 
6.5 apical Prop;ramme OutDut 
A sample of the programme output is given in Figure 6.2. 	 The 
comparisons between segmental sums and whole-body quantities are indicated 
by the connected boxes. 	 The first comparison is between CUMOM for all 
segments and VEL for the whole-body mass-centre. 	 The second is between 
CUM FORCE for all segments and FORCE for the whole body. These form checks 
on the nondimensional momentum and inertia-force relationships; 
6.6 Extension of the Proqramme  
The programme, as it stands, accents a single component set of 
displacements and numerical results are illustrated for the z-components. 
Data taoe from the PCD-Vanguard film analyser may be used directly as input 
if only z-co:i,onents are read. 
	 However, the analyser is able to read 
x-z displacement pairs for each hinge point. 
	 Such a data tape may be 
	 used 
if the prograr_me is preceded by a simple sorting routine which splits the 
matrix of x-z pairs into separate x and z displacement matrices, 
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1C4 
successive runs of the programme will produce the x and z inertia forces. 
A second, more elaborate extension would incorporate the equations for 
rotational motion developed in Chapter 3. 	 Programming of the expressions for 
moment of momentum and its rate-of-change has not yet been attempted. 
Variation of body moment of inertia must be incorporated and the M.I. Factor 
results in Chapter 2 will be useful in this context. 
	
Input to the equation 
will be in the form of segmental angles and it will probably be more convenient 
to compute these from hinge point ordinates than to attempt direct measurement 
of angles from the film. 	 An outline of these extensions is shown in Figure 
6.3. 
The rotational motion section of the extended programme has several 
uses:- 
a) As an independent check on the x and z forces computed by the 
existing translational motion programme. 	 This check is useful when ez.terral 
forces such as ground reaction are to be computed. 
b) As a source of the internal moments at the body joints. 	 These 
values are important in the estimation of muscle end joint-force actions 
during motion. 
c) As a description of complex aerial motion where the only external 
force is gravity, and the translational equations Provide trivial results. 
In its provision of joint moments the outline scheme of Figure 6.3 
stands as an alternative to Plagenhoef's programme (Chapter 3). 	 It uses 
a fundamentally different set of working equations, with no Coriolis 
components and with linear rather than angular displacements as input. 
One advantage over Plagenhoef's approach is that no appeal to a quasi-fixed 
starting point within the body needs to be made. 	 The displacements are 
measured quite naturally with respect to a fixed x-z reference system on the 
 
film analyser or by direct methods with dividers and ruler. 
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6.7 Single-Component Force Analysis PIT_ErammF. 
a) 212 gramme Notation 
Variables in brackets are procedure counterparts of main variables 
Constants 
no. of segments in model 
no. of tine frames equi-spaced in time at ..!L\t. 
no. cf segment mass-centres determined from hinge points 
CONST 	 film linear scale 
	 .! tiz  
VCONST 	 film linear scale /At. 
F1 F2 F 	 specifying printout formats 
Integer valued variables 
SEG 	 (NS) 	 counting segments 	 1 	  
counting frames 	 1 	  
R,S,TWICE 	 general counting variables 
Preset Parameters 
P (MP) 	 segmental mass proportions 
location of segment mass-centres w.r.t. hinge points 
Subscripted Variables (Arrays) 
ZETA 	 hinge-point and mass-centre ordinates from film 
AZ 	 segment mass-centres computed from ZETA 
Z Y 	 subsets of AZ for individual segments 
U 	 subsets of 5 points of Y for differentiation 
ACC (A) 
	
acceleration 
VEL (V) 
	
velocity 
SCI 	 subsets of 3 points of Z for moving-average smoothing 
G 	 whole-body mass-centre co-ordinates 
F (FS) 	 inertia force 
SUN (SIGMA) 
	
cumulative inertia force 
TM 	 (TOT) 
	
cumulative momentum 
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PRoc,QA.MME TEXT 
CO. BELEOVh• 
BELEOVkki2APU **OK 
CIFE 
44- 
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P. :DE:GM ENT rd._ r.0 DEL 
![;E(_ I N 
	
! I 	 T 	 ";;. - 2: if< 	 1'1 	 L., 	 ; 	 F 	 F.. 	 F 	 L ; 
! 	 t 	 C. 0 ,\.` 	 C D 	 ; 
! CO f' t 	 1 11.1) I "::;• 1... ) 7c D7 : . L 	 17: 
! id1,0 
 
E.- 01._ 	 F- 02, 	 CC 	 i 
I  
 
! 1/4; AL I._ ' • 	 I' 
!LEIL 
! R 1 EC Li- , 1\ 
! 	 FC 	 ! 	 E C1.1. 
! }, 	 ! 
1 	 4. 	 • 
•P 
I,/ Y 	 E 	 : 53 
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A E 13 : 	 91W1_ 1J — 15* !LE 	 + 	 J.) — 5 	 ) / 7; 
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:END; 
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7.1 Introduction 
In previous chapters the emphasis has been on the investigation of 
experimental and computational methods applicable to a general study of 
human motion. 	 The techniques have been developed and tested on two simple 
jumping activities, the drop-landing and the standing long jump. 	 The primary 
aim has been to determine limits to which cine analysis can be taken. 	 It has 
become clear that, with unavoidable inaccuracies in filming, film measurement 
and computation, values of velocity, and especially of acceleration and force, 
are subject to some distortion. 	 Nevertheless, meaningful results have been 
derived with careful handling of the 'noise' contaminating the data. 
The validity of results computed from tine film has been assessed by 
comparing calculated forces with measured values of foot thrust from the force 
platform. 	 The comparisons are encouraging, but shortcomings of the cine 
analysis techniques are clearly highlighted. 	 The fact that comput d force 
values leave something to be desired should not, however, lead one to discard 
eine analysis in favour of th,3 force platform. 	 Cine film of a human activity 
contains much more information than can be measured by a force platform. 	 In 
particular, there is on film, a wealth of information about the co-ordinated 
movements of body segments in a skilled action. 	 Only from this source can we 
expect to gain data on the relative importance of arm, leg and trunk movements 
in a complex activity. 	 Thus, despite the presence of several types of error 
and their unfortunate interference with computed results, the analysis of cine 
film has a great deal to offer. 
The force platform provides a valuable check on certain computed results, 
but it gives acceleration, velocity and displacement data only for the whole•
body mass-centre, and can not be ussed to investigate the effects of individual 
segment s in a complex movement. 
In this Chapter we discuss the results obtained by cine analysis and force 
platform measurement for the drop-landing and standing long jump. 
	 The 
discussion centres around the successes and failures of the experimental 
techniques and deals with extensions of the methods applicable to a wide 
range of movement studies. 
7.2 The Drop Landis - Cine and Force Platform Comparisons  
a) The Drop--Landing as an impact load activit 
The drop-landing is described in Chapter 4, Section 4.7 and the 
computational analysis is summarised in Chapter 5, Section 5.10. 	 Before 
dropping from the horizcntal bar in this test, the subject's toes were 42 
inches above the force platform as he hung in a fully extended position. 
Although this would be only a moderate height for a normal downward jump from 
a bench to the floor, a drop-landing height of 42 inches provided problems for 
a competent athlete. 	 His view of the floor from the hanging position we.s 
restricted and it was difficult to judge the timing of the landing. 	 The 
recorded vertical foot thrust given in Figure 7.1 represents a rather hard 
landing. 	 The first impact of the balls of the feet is severe and was a little 
painful. 	 Drop-landings from heights greater than 42 inches would have been 
dangerous without a good deal of practice. 	 Indeed, it is unlikely that any 
subject will be willing to perform a drop-landing from 5 feet, although he may 
be quite at home with a normal downward jump from that height. 
The drop-landing was selected as an activity involving impact loading on 
the body, and by allowing the subject to drop from a height which he deemed 
safe, it was hoped that the impact effects would not be injurious. 	 In view 
of the very high force recorded on impact, however, it is open to question 
whether such landings are desirable. 	 The subject felt only momentary 
discomfort under the balls of the feet, but the transmission of the shock load 
through the ankle and knee joints may have had undesirable effects. 
	 In 
Chapter 8 the effect of the drop-landing on the joints and muscles of the leg 
is considered and surprisingly large forces are calculated. 
The severity of th-e impact could have been lessened by covering the force 
platform with matting, and the effects of different forms of surface covering 
would provide an interesting study. 
	 However, in the present work direct 
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landing on the platform was selected as a typical impact situation for analysis. 
b) .The Initial impact 
Cine analysis of the activity produced the force curve shown in 
Figure 7.2. 	 The first peak recorded by the force platform does not appear 
on the cine analysis curve because there is insufficient data for force 
• 
	 computation. 	 As a general rule, it is u 	 n :unlikely that tine analysis wi 	 be 
able to cope with impacts of short duration. 
	 In such situations the 
occurrence of a large force is associated with a very small displacement. As 
an analogy, a telegraph pole, suspended vertically above the platform and then 
released, would produce a large impact load, but cine film of the event would 
detect no displacement of the pole during the impact, even with a high frame 
rate. 	 The human body in a similar situation is a little more deformable, 
but its displacements are probably imperceptible during the first impact of 
the toes. 
	
The absence of displacement data from the film destroys any 
possibility of force computation by cine analysis. 	 Thus, the omission of 
the first peak on the computed curve of Figure 7.2 is not due to the slow 
frame rate of the drop landing film but reoresents an inherent limitation of 
tine analysis at high rates of loading. 
c) The second peak  
The second peak of the force platform record in Figure 7.2 is much lower 
than the first and is reflected in the computed curve. 	 Visual inspection 
of the film seemed initially to relate the second peak to heel strike, but 
closer examination and some retesting on the force platform showed that the 
phenomenon occurs when there is no heel contact during landing. 	 After the 
initial strike of the toes, the large impace force causes rapid dorsi flexion 
of the foot. 	 This motion can be resisted in two ways, either by Gastrocnemius 
acting on the Achilles tendon or by the heel being forced down on the platform. 
If heel strike does not occur, activation of Gastrocnemius must begin shortly 
after the first impact. 
	 Details of the Gastrocnemius tensions appear in 
Chapter 8 as part of the internal force calculations for the ankle and knee 
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The time interval between the first impact of the toes and the 
maximum Gast.2ocnemius tension associated with the second peak appears, from 
Figure 8.5 of Chapter 8, to be about 60 to 75 ms (4 to 5 frames at 66.5 frames 
per second). 
This result bears an interesting relation to the recent work of Jones 
and Watt (5). In their experiments subjects were suspended at heights up to 
7 inches and dropped without warning on to a force platform. Electromyographi: 
records of Gastrocnemius activity showed a maximum tension at about 119 ms 
after the touch-down. 	 This muscle activity is much more rapid than could be 
explained by stretch reflex action triggered by the dorsiflexion of the foot 
on landing. 	 The authors state:- "The  largest part of the e.m.s. activity 
associated with the landing deceleration was completed before the time rerluired 
to generate a functionally effective stretch reflex in the same muscles, and 
certainly before the time taken to make the quickest possible voluntary plantar 
flexion effort to a light tap on the Achilles tendon". 	 The latter action 
was found to take a mean time of 163 ms. 	 Their general concision► 	 is that, 
even in unexpected falls, 'preprogramming' of muscle action in the lower limbs 
Dust override the relatively slow action of the stretch reflex. 
The results of the present study, where the drop-landing was pre-
meditated, appear to support the statements of Jones and Watt. 'Preprogrammings 
of landing action is a concept readily accepted by anyone who has performed 
downward jumps from various heights. 	 As the distance to be jumped increases, 
one tends to spend more time looking at the floor and 'sizing up' the demands 
of the jump. 	 The importance of landing on the toes and of performing a deep 
squat may be rehearsed mentally before the jump is executed. 
	 Further, the 
fact that one can gradually learn to land softly and comfortably from heights 
cf 6 feet or more underlines the point that the landing action is a prepared 
sequence of body movements. 
d) Adaptation of  the landin.e7 action 
Improvement in landing technique was demonstrated by a simple force 
1 16 
platform experiment in the present studies. 
	
Using a drop height of only 
1 ft. the author was able to land extremely badly and then progressively 
improve the landing to a very soft deep-squat action. 	 The force platform 
results are shoed in Figure 7.3 and it is clear that the severity of the 
impact is considerably reduced by a good jumping action. 	 A 'cat-like' 
landing, producing relatively small forces, appears to have two important 
characteristics. 	 Firstly, just before contact knee flexion is commenced 
snd the relative velocity between toes and floor is reduced: by this means 
the first impact is kept small. 	 Secondly, the knee flexion is carried 
through to its maximum extent (deep-squat) and to retain balance on the feet 
a correspondingly large flexion at the hip must occur. 	 The combined effect 
of these flexions is to spread the deceleration of the body over a long tike 
interval and, thereby to reduce the magnitude of the foot thrust. 	 There is no 
doubt that similar improvements in landing technique could reduoe the large 
impact force associated with the 42 inch drop-landing, and a study of the 
learning process with tine film and force platform would be informative. 
7.3 IL121122=landing 	 - Momentum Considerations 
The total vertical momentum of the body in any motion may be calculated 
as the summation of the momenta of the segments, in accordance with equation 
(3.2-3). 	 In Figure 7.4 the curve of total momentum is obtained in this way. 
The time-derivative of this curve_,fives the total vertical force on the body, 
by the general form of Newton's Second Law:- 
Force 	 Rate-of-change of momentum 
Alternatively, the total force is expressed by the summation of segmental 
inertia forces, obtained from individual segmental accelerations (Section 3.2, 
Chapter 3). 
	
It is interesting to compare the total vertical forces obtained 
by these two methods, and. Figure 7.4 shows a satisfactory agreement between 
the two sets of values. 
The relationship between force and rate-of-change of momantum is seldom 
illustrated by the motion of systems of rigid bodies, the usual applications 
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being n fluid mechanics. 
	 Here the system is an interconnected set 
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rigid bodies. 
The analysis also brings out the point that internal forces acting 
between the segments cancel in equal and opposite pairs on summation, so 
that the statement of Newton's Second Law above contains only the forces 
external to the whol -pedy system. 
(cf. Equation (3.2-4) of Chapter 3). 
7.4 StandinE Lonc J' 	 subdivision of Tote.1 Force 
In Chapter 3, Section 3.3, the theoretical basis for subdivision or a 
total foot thrust into segmental contributions has been demonstrated. 
	 The 
computer programme of Chapter 6 is designed to print out the segmental inertia 
forces (Figure 6.2) and to sum these values for the total inertia force. 	 T „ .0
is the latter, with the gravity force added, which is to be compared with the 
measured vertical foot thrust from the force platform. 	 This comparison is 
presented in the next Section. 
Figure 7.5 shows the total computed force and its subdivision into 
segmental contributions. 
	
The underlying equation is:- 
= 	 + rn14: rn 
In the last peak of the curve, just prior to take-off, it is clear that the 
arm and head-trunk inertia forces are both important, while the ].eg action 
contributes little. 
	
The interpretation must, however, be taken further. 
The head-trunk acceleration is partly caused by leg action, for motion at the 
hip joint is determined by extension of the knee joint and plantar flexion at 
the ankle. 	 Thus, the head-trunk inertia force in Figure 7.5 may itself be 
subdivided on the basis of 
• • 
(i) acceleration s, of the hip joint, caused by leg action. 
(ii) accelerati.on 
	
cf the head-trunk mass centre, Cl, relative to
ti e: 
H caused by trunk angulation. 
The relative magnitudes are shown in the inset of Figure 7.5 
Subdivision in this way gives a more realistic picvare of the seblnental 
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contributions, although the computational demands are increased. 	 Hinge- 
point accelerations are not given in the normal computer output, but a 
re-run on the cine data using the technique of Section 6.4 (iii), Chapter 6, 
will give hinge-point accelerations throughout the body. 
It is suggested that subdivision of the total force, as outlined here, 
will be a useful method in the study of skilled actions. 	 It may be possible 
to investigate the characteristics of good and poor performances on the basis 
of the segmental inertia force contributions. 	 In the standing long jump, 
for example, an inefficient action would be shown if two segmental forces 
opposed each other by lying on opposite sides of the line Fb1=1. 	 Such a 
counteraction of effects is unlikely in a well co-ordinated movement. 
7.5 Standing Long Jump - Analysis of the Double Peak 
a) The Nature of the Phenomenon 
The double peak form of the final part of the force curve is an interestiT4 
feature of the measured vertical thrusts in both the standing long jump and 
the standing vertical jump. 	 The tuo peaks are well marked in good actions 
and, in the case of one Olympic jumper, Adamson and Whitney (1) have even 
observed a triple peak in the vertical jump. 	 In a number of studies they 
have found multiple peaking to be allied to a large impulse at take-off, 
while less effective performances produce a barely detectable double-peak. 
In view of this association between peaking and skilled performance, some 
discussion of the standing long jump is presented here. 
The force platform measurements do not, of themselves, reveal the reason 
for double peaking. 	 Direct observation suggests that the effect is caused 
by arm swing or plantar flexion in the final thrust before take-off, but 
little solid evidence can be obtained merely by viewing the film. 
	
The 
segmental accelerations causing the force variations cannot be detected by eye. 
The double peak in the vertical iUMD was investigated in a more systematic 
way by Antheny et al(2;'ir: whose study the subject was allowed first to jump in 
an unimpeded fashion and then performed a second jump with his arms held at 
119 
his sides. 	 In the second case double peaking did not appear and it was 
suggested that the phenomenon must therefore be an aria swing effect. 
Without repeating such tests, including a film analysis, a full discussion 
of this work cannot be offered. 	 However, it is suggested that locking of 
the arms does more than merely prevent the arm swing action. 	 The whole 
dynamic balance of body motion during the jumping action may be upset by 
restriction of the arm movement. 	 Thus, it is probable that the thrust action 
of the legs and the angulation of the trunk are basically different in the 
two cases. 
An alternative approach to the analysis of the double peak may in 
principle be made by subdivision of the total vertical thrust as described in 
Section 7.4. 	 This analysis of the unrestricted jumping action Fives the 
contribution of each segment and should reveal those which produce peaking 
effects. 	 Unfortunately, as Chapter 5 has shown, the problems of smoothing 
lead to a computed force curve which exhibits no double peaking. 	 The finer 
points of th'D filmed motion have inevitably been eliminated with the removal 
of noise in the displacement data and the double peak appears as a single 
maximum. 	 Figure 7.6 shows the discrepancy between the computed force and a 
typical measured vertical thrust in the standing long junp. 
	
The data are 
taken from the full record given in Figure 5.16, Chapter 5. 
b) Discrepancies between Measured and Computed Force Values  
We now consider this discrepancy in detail in order to assess what 
variations in the original displacement data could give rise to a double-peak 
force curve after double-differentiation. 
	 For the region of the force curve 
to be examined (Figure 7.6), the measured curve shows an approximate sine 
wave discrepancy superimposed on the computed function. 
	 Consideration of 
the equations of motion allows back-integration to the body mass centre 
displacements corresponding to the measured and computed forces. 
	
The 
difference between the latter constitutes the displacement discrepancy of 
Figure 7.6. 
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A first approximate analysis was carried out by representing the force 
discrepancy as a pure sinusoid. 	 This approach gave the results:- 
= O. 184 	 (2S.12 	 — '25. 12 ti tr,ches 
-- 1. l G 
	
c 0.2:S 
A better result was obtained using the more exact force discrepancy 
curve of Figure 7.7, which is constructed directly from Figure 5.16. 
Double integration of 
cia (7 	 Fci 
-- • 
cklz 	 \A/ 
was carried out numerically. 	 The resultant velocity and displacement 
discrepancies are given in Figure 7.7 and Figure 7.8 shows the displacement 
values applied as corrections to the original curve of body mass-centre 
displacement. 
The corrections 	 , which are less than 0.9 inches throughout, 
may well be smaller than the error involved in the determination of the body 
mass-centre ordinates from cine measurements and segmental data. 	 If so, 
the precision in displacement values necessary to represent in detail the 
force fluctuations of the double-peak are unattainable and there is no 
prospect of using cine film to elucidate the double-peak phenomenon. 
7.6 Standing Lon. jump - The Differentiation Problem 
Smoothing and differentiation of displacement data remains, despite the 
investigations of Chapter 5, a diflicult and imprecise process. 	 In the 
earlier discus:don it was shown that 20-frame spacing of the standing long 
jump data (sampling frequency 11.2 per second) gave reasonably smooth results 
at the second derivative stage. 	 At the came time the inherent smoothinc,- 
appeared to remove details of the final force curve, giving rise to the 
discrepancy treated in the previous Section. 	 Having produced a correction 
to the body mass-centre displacement curve (Figure 7.8), e are in possession 
of the fire detail of the displacement corresponding to a double-peak 
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phenomenon in the total force. 
	 It should therefore be possible, by 
differentiating the corrected displacements to reconstitute the double-peak 
force curve. 
The results of such re-differentiation, given in Figure 7.9, serve as 
a final comment on the problem of numeeical differc.mtiation. 
	
Gurve A is 
the originally computed force of Chapter 5. 	 Curve B wasobtained by double 
differentiation of the corrected displacement curve (Figure 7.8) at a fine 
data-spacing. 	 The sampling fre:iuency in this case was approximately 112 
per second. 	 Curve C was produced by differentiation of the same corrected 
displacement curve, but at the sampling frequency selected in Chapter 5 
(11.2 per second). 	 It is clear from these curves that the data spacing for 
C is so coarse as to eliminate the details of force variation which are 
retained in the finer spacing cf B. 
In practice we do not have a displacement curve defined with the precision 
of Figure 7.8. 	 Chapter 5 shows that sampling at frequencies much higher than 
11.2 per second produces problems with 'noise' on differentj,ati-on and a low 
sampling frequency must be selected despite the loss of real information. 
Chapter 5 also refers to the approach of Wallach and Saibel, who fit a 
smooth curve through 'noisy' data and then regard this curve  as a precise 
representation of the displacement. 	 On this assumption they interpolate 
along the fitted curve to create many n w and supposedly reliable displacement 
points, thus effectively increasing their sampling frequency by a large factor. 
These finely spaced interpolated points can now be differentiated with no 
serious noise problems, and detail in the derivative curve is not lost through 
coarse data spacing. 	 This procedure has a close relation with the treatment 
discussed above, but there remains the question - do Wallach and Saibel's 
interpolated displacement points represent the fine detail of the motion to an 
accuracy which gives precise second derivative results? 
One must recall the adage: "The derivative of a good fit is not 
necessarily a good fit to the derivative". 	 There is much more investigation 
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to be carried out on numerical differentiation techniques. 
	 A refining 
process, such as Wallach and Saibel employ prior to differentiation, may 
remove 'noise' while retaining the fine detail of the real information. 
	 If 
this can be shown conclusively then many data handling problems in cine 
analysis will be solved. 
7.7 Standing Long Jump - Power Calculations 
In Chapter 3 the theoretical basis of the Power approach to explosive 
action has been discussed. 	 Published work on the jumping action has been 
criticised on the grounds that 'power' is calculated as the product of ground 
reaction at the feet and the velocity of the body mass-centre. 
	 There cRn be 
no question that such a calculation is invalid under the accepted definitions 
of power. 
Recently, Roy et al (4) have taken the 'power' concept further than did 
the papers discussed in Chapter 3. 	 In a study of the standing long jump 
performance of children, Roy introduces 'vertical and horizontal components 
of power'. 	 He obtains these quantities by taking the vertical and horizontal 
components of ground-reaction and forming respective products with the vertical 
and horizontal velocity components of the body mass-centre. 
To a clash with a fundamental definition in the formation of such products, 
Roy here adds a second inconsistency. 	 Power is essentially a scalar 4uantity, 
again by definition, and to resolve it into components is to treat it as a 
vector. Such an approach to fundamental quantities can only throw doubt on 
the whole work, and does nothing to establish biomechanics as a scientific 
discipline. 
To be more positive, one must recognise that Roy requires some 
performance criterion in his jumping studies. 	 It may be that the quantity 
'ground-reaction times velocity of body mass-centre' is a useful parameter 
and that vertical and horizontal components of this quantity reveal 
characteristics oP the jumping action related to good and poor performances. 
In this case there is every reason to study the behaviour of this force- 
122 
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velocity product and, perhaps, to name it as a now biomechanisal parameter. 
If arguments here and in Chapter 3 seem too theoretical, the 'power' 
approach to trampolining should be considered. 
	
Here, the bed-ruction at 
the feet moves with a measurable velocity which is not that of the body 
sass-centre. 	 The natural and correct expression of power supplied by the 
trampoline bed is the product of bed-reaction and velocity of its point of 
contact with the fee t . 
	 The so-called 'power' statement of Roy and others 
may now be seen as misleading. 	 Cne has only to envisage a prorressively 
stiffer bed to deduce that the power from a rigid floor is zero. 
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8.1 Models of Muscle and Joint  Action 
,•n•• ••nn=0.••••  
Understanding cf the action of human muscles and joints begins with 
anatomical study. 	 The locations of muscles and their attachment to the 
skeleton are essential to the description of internal body actizns. 
Anatomical texts provide a wealth of topographic material together with 
indications of the functions of particular muscles in fle;:ion, extension or 
other motion at the joints. 
	 Information is also available concerning the 
mating contours of the joints and the forms of relative motion which they 
allow. 	 Such uetailed information of a qualititive kind has for decades been 
sufficient for the practice of surgery, physiotherapy and physical training. 
Despite the descriptive detail of traditional anatomy, there is a notable 
dearth of mamerical data. 
	 Until recently there has been little call for 
dimensions associated with the musculo-skeletal system. 	 Thus, in standard 
works it is rare to find figures for muscle and bone lengths, or radii of 
joint surfaces. 	 Information on the- variaticn of major skeletal measurements 
in the adult population is also difficult to obtain. 
In the post-war years liaison between medicine and engineering has led 
to a more quantitive approach to the functioning of the body. 	 The engineer 
asks not only which muscle is active during a joint flexion but also what 
tension that muscle is required to exert. 	 In attempting to answer such a 
question he must be guided by the anatomist in obtaining skeletal and muscular 
dimensions necessary in the numerical work. 	 The process represents an advance 
on purely descriptive anatomy but presents its own problems. 	 The major 
difficulty lies in the setting up of a simple but realistic model of the joint 
and of the major muscles taking part in the action. 	 If too complex a model 
is considered, the relevant equations become insoluble. 	 On the other hand, 
sufficient detail must be incorporated to provide an acceptable anatomical 
description of the situation. 
An experimental technique which sheds some light on the contribution of 
individual muscles in a body action is provided by electromyography. 	 Using 
electrodes on the skin or inserted into the muscle, this techniilue gives an 
indication of muscular tension during activity, and its use as a reliablg 
method of force measurement has been advocated. 
	 The current view, however 
seems to be that little reliance should be placed on numerical measures of 
tension from e.m.g. records. 
	 While restricted isometric tests have given 
repeatable relationships between static force and a function of the e.m.g., 
more general conditions of muscle contraction do not produce a simple response. 
In general, all that is certain is a rise in intensity of e.m.g. activity 
with an increase in tension. 
No other method for direction estimation cf muscle forces has been 
devised and indirect methods must therefore be called upon. 
	 In these methods 
the musculo-skeletal system is regarded as an engineering mechanism in which 
forces act according to the laws of statics or dynamics. 
	 It is usually 
necessary to consider a simplified system, because complete anatomical detail 
cannot be represented in a mechanical model. 	 The number of unknown forces 
which can be determined is governed by the number of working equations 
applicable to the situation. 
	
Analysis in terms'of all the active muscles 
will generally lead to an indeterminate problem with too many unknowns. 	 Thus, 
the action of only a few major muscle groups can be considered. 	 further 
simplification must be introduced in representing the lines of action of these 
muscle groups. 	 A straight line joining the origin and insertion seems reason- 
able, but in many instances the muscle attachments are spread over a wide area. 
Wrapping of muscles around each other and around bony protuberances adds 
further difficulty. 
Models of muscle action which are capable of analysis may seem at first 
unacceptable to the anatomist. 	 Major muscles are represented essentially by 
taut wires stretched between assumed points of attachment, and lesser muscles 
are omitted altogether. 	 Nevertheless, there is no alternative to such an 
idealised treatment if numerical work is to be carried out. 	 Admittedly, the 
accuracy of calculated forces cannot be great, but an indication of the order 
of magnitude of a force action is useful, provided that the underlying 
assumptions are fully understood. 
8.2 Previous Estimates of Forees in the Lower Limbs 
a) Anatomical  Dimensions 
The action of the lover limbs in support and locomotion has been studied 
by many workers. 	 Until recently the problem has been regarded as one in 
statics, inertia effects of moving segments being ignored. 
	 Attempts to 
establish the positions of muscle origins and insertions, bone lengths and 
the centres of rotation of joints have been made with the aid of X-ray 
pictures. 	 Inman (7) describes particularly detailed techniques in which 
wires were inserted into and wrapped round the leg muscles cf cadavers. 
The muscles, having been partly cut out for the purpose, were then reinserted 
and X-ray photographs shoved clearly the wires delineating important muscles. 
Inman also soaked muscles in a radio-opaque solution and obtained well-defined 
muscle locations by this means. 
Williams and Svensson (16) drew on Inman's data for the treatment of 
hip-joint forces and added to it by making measurements on a skeleton. 	 They 
used taut wires to estimate the lines of action of the iiio-psoac, rectos 
femoris and ilio-femoral ligament. 
Both the X-ray and dry skeleton methods have been used by several workers 
and some additional d to has been obtained by dissection. 	 Morrison (9), 
for example, describes measurements on a cadaveric knee joint. 
Tabulated data giving important dimensions relating to muscle and joint 
action are very much needed. 	 Although measurement techniques are described 
in the literature, the numerical data obtained is seldom 4unted, and study of 
subject differences has not been attempted. 
b) Forces in Static situations and and in Walking 
Sokoloff (13), and Williams and. Svensson give useful summary tables of 
several estimates of joint forces in the lower limbs. 	 The usual aim of 
those analyses was the assessment of bone-to-bone forces at joints, with 
muscle forces as a secondary interest. 	 Sokoloff's sources are quoted by 
him as Furmaier (4), Kummer. (8), Williams and Lissner (15) and Groh and 
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Weinmann (5) but specific force estimatns are not ascribed to their authors. 
The values are summarised in Table 8.1. 
	 The estimates of Paul (10), 
Morrison (9) and Rydell (12) are the only ones not based on a static analysis 
and should therefore be given more weiht. 
	 Rydell's figure comes from 
experimental measurements with strain gauges implanted in a hip replacement. 
Paul and Morrison undertook detailed analyses of normal walking, combining 
cine analysis and force platform data with anatomical measurements to provide 
the first comprehensive dynamic treatment of muscle and joint actions. 
Williams and Svensson's main contribution was to emphasise the three-
dimensional nature of the hip-joint problem, although they deal only with a 
static case. 	 Unfortunately, they do not record their anatomical data on 
muscle lines of action and moment arms, but, in a review of their analysis, 
the author (14) was able tc deduce approxiwate values for the original dimen- 
sions. 	 In this review it was also shown that variations of t ;1i- in. in the 
five important dimensions could result in a hip-joint force estimate of 
9.7\4 ,whereas substitution of the original dimensions gave only 5.7\.ki 
( 	 = body weight). 	 The supposed 	 in. variations are not unreasonable, 
in view of the difficulty of establishing lines of action and attachment 
points of complicated muscle groups. 	 The large difference between the 
resulting estimates of hip-joint force underlines the need for caution in 
accepting calculated values and, at the same time, shows that percentage 
errors in such calculations will be difficult to assess. 
c) Forces in athletic activities 
The study of muscle and joint forces in athletic activities has received 
little attention. 
	
Plagenhoef (11) gives an impressive range of values for 
total joint moments in many sports situations but does not use the data to 
investigate internal details of muscle and joint action. 	 Even for the gentle 
activities of Table 8.1 above, some of the forces are surprisingly largo, and 
it is to be expected that vigorous athletic movement will produce much higher 
loadings. 
	
The later parts of this Chapter are devoted to calculation cr 
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internal actions at the knee and ankle joints for the drop-landing described 
in Chapter 4. 	 This activity involves fairly large external forces at the 
feet and forms a useful starting point for the investigation of forces 
generated in athletic situations. 
d) Strength of Tendons and Ligaments  
Tendons transmit muscular tensions to their points of attachment on the 
bone, and ligaments tie two bony elements together. 
	 Both types of tissue 
tt 
	 consist of collageneous, elastic and reticular fibres and varying 
amounts of an amorphous ground substance. 
	 Since elastic fibres contain the 
low modulus material elastin, the high modulus effects of tendons and 
ligaments are due to the collagenous material present." (Haut and Little(6) ). 
Some infoLulation is available concerning the behaviour under load of 
these connective tissues. 
	
Abrahams (1) has described their tensile behaviour 
in terms of the state of the collagenous fibres which, in the unstressed state, 
appear as long wavy ribbons running through the tissue. 	 The tensile stress 
strain curve is concave upwards and Abrahams explains its form as follows:- 
Strain, ,/c, 	 Effect on collagen fibres 
0 - 1.5 	 Fibres begin to straighten their wavy pattern 
(Ductile' behaviour) 
1.5 - 3 	 Fibres become fully oriented and begin to assume most 
of the load (Increasing stiffness) 
3 - 5 	 Entire response due to fibres in pure tension 
(Near-linear relationship) 
Haut and Little have shown a similar type of behaviour for canine 
ligament under varying rates of strain, from 1.7 to 36.8 % per minute. 
There is an increasing resistance to extension with higher strain rates and 
an indication of the effects is given below:- 
Strain rate, 
	
min 
1.7 
30.8 
9 
	
Stress, 	  kg/m 	 fIlair12_2 
	
50 	 8 
	
0 	 3 
Clearly the response of collagen fibre to dynamic loading is signifi- 
cantly different from its behaviour in static tensile tests. 	 Unfortunately, 
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the tests were llot continued to rupture, and it can only be conjectured tab. 
the ultimate tensile strength under static loading may be appr,:ciably lofier 
than the loads which can be carried under dynamic conditions. 
As to ultimate strength, Burry (2) and Elliott (3)report static tensile 
tests on many types of tendon and give the range of ultimate tensile stress 
as 5 - 10 kdmm2. 	 Burry speaks of the Achilles tendon as the strongest in 
the human body and gives an avera,se rupture load of about 1000 lbf, implying 
that its cross-sectional area is about 65 mm2 
The patellar tendon, sometimes more precisely described as a ligament, 
has a cross-sectional area approximately equal to that of the Achilles 
tendon. 	 Measurements by the author .-)n a fresh cadaveric adult specimen 
gave a value of 85 mm2. 	 On Burry's and Elliott's tensile stress figures 
the range of tnsile loads at failure is 935 to 1700 lbf. 
Knee 
	
normal walking 	 Morrison 
(femoro-tibial) 
Sokoloff 
Nomal walking 
(patello-femoral) 
deep squat 
(femoro-tibial) 
deep squat 
(patello-femoral) 
standing en two feet 
normal walking 
squat 
3.03 
10.6 
6.5 
0.84 
1.9 
1.0 
5.3 
3.6 
Table 8.1 
JOINT 	 POSITION 	 WORKEA 
	 FORCE 
(Units of body wt) 
Hip 	 standing on one leg 	 Williams & Svensson 
	 6.0 
Blount 	 3.4 
Backman 
	 2.9 
Inman 	 2.4 - 2.6 
Rydell 	 2.5 
normal walking 
	
Paul 	 5.8 
ri 	 Rydell 
11 	 It 	 Sokoloff 	 2.2 
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8.3 Force and Moment Eauations 
Analysis of ankle and knee joint actions during the drop-landing may 
reasonably be written as a plane motion problem. 
	 Figure 8.1 illustrates the 
force systems involved and the necessary anatomical dimensions required in 
setting up the equations. 
Muscle actions have been reduced to a few major effects. 
	 At the ankle 
forcible dorsiflexion is resisted by tension in the Achilles tendon. 
	
The 
main muscles acting at this insertion are Soleum and Gastrocnemius, the 
former acting across the ankle alone while the latter passes also across the 
knee joint. 	 Even in this simple representation it will be impossible to solve 
the three equations of motion to obtain both th2 Soleus and Gastrocnemius 
forces. 	 For a solution some assumption must to made concerning the relative 
tensions in the two muscles. 
Electromyography on the downward jump indicated that Gastrocneemius was 
strongly operative while Soleus appeared to have little activity; but even 
if much reliance were Placed on e.m. 	 , the relative magnitudes of the 
muscle forces could not be assessed with confidence. 	 Thus, two separate 
calculations were made on the assumptions:- 
a) that Gastrocnemius provides the whole Achilles tendon force. 
b) that Soleus and Gastrocnemius share the tension eoually. 
Such a procedure gives an indication of the possible effects of one-
joint and two-joint muscles in the system. 
The knee joint, unlike the ankle, cannot be regarded as a simple hinge. 
The combined lolling and sliding motion of the condyles has an important 
effect upon the geometry of the joint through the range of flexion. 	 The 
patella and its tendon transmit the resultant tension of Zuadriceps across 
the joint to the tibia in a wrapping action. 	 The compressive force at the 
joint itself, carried over contact surfaces on tne cartilapes must, for 
analysis, be regarded as a single resultant force acting at a point of 
contact between the coedylee. 	 For further cizeplicity, 	 frictional action 
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at the point of contact is considered negligible. 	 The outcome of these 
idealisations is a system soluble in terms of the dynamic coluations at the 
knee joint. 
In general, all the linear dimensions appearing as ,oment arms in the 
equations are changing during the landing action. 	 Thus, a first requirement 
is the determination of these values as functions of the angle of flexion at 
the knee. 
8.4 Anatomical Data 
Three possible methods offer themselves as sources of anatomical 
dimensions required in the analysis. 	 The first two, X-ray photop:raphs and 
direct dissection, both have the advantage of getting close to the 'in vivo' 
operation of thc, joints. 	 X-ray methods, however, do not usually produce 
clear delineation of the major muscles and dimensions can be obtained only 
by reducing the system to a two-dimensional cons traction on the drawing 
board. 	 Measurements during dissection are hampered by the presence of tissue 
which is not part of a main muscle group and obscures important features. 
The third technique for estimation of joint dimensions is a dry-bone 
rig. 	 The major bones of the leg and foot, in a clean dry state, may easily 
be set and clamped in positions representing various degrees of joint flexion. 
Cords stretched between the estimated origins and insertions give the lines 
of action of muscles and allow measurement of moment arms. 	 This latter 
method was adopted in the present studies. 
Leg bones were obtained from excavations of mediaeval burials in York 
Minster. 
	 There were two reasons for going to such an unusual source. 
Firstly, medical skeletons for teaching purposes are often of rather small 
stature and unrepresentative of the normal adult male. 	 secondly, while a 
range of adult femurs and other bones may be available in a teaching hospital, 
matched sets of leg bones cannot easily be provided. 
	 The archaeological 
source was selected because complete skeletons were available and many 
possessed proportions comparable with the present day adult population. 
P .7.) 	 ,..,, 
KNEE ANGLE 
L1114' 	 r,'. Er_ 
	 t-3 • 2 
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The dry-bone rig was set up on a horizontal surfaee and at the outset, 
the cartilage surfaces at the joints were reccnstituted. 	 Dr. B.D. oeedlesm 
assisted in this work and his detailed knowledge cf knee-joint geometry vas 
invaluable. 	 The cartilaginous surfaces at the knee were reformed simply, 
but adequately, by moulding Alas ticine over the bone ends. 
	 The surfaces 
of the tibial condyles were covered with tun polythene sheet to prevent 
sticking. 	 A substitute patella was moulded in a quick-setting resin with 
a cord cast into it to simulate the patellar tendon. 
	 The rig is illustrated 
in Figure 8.2. 
Setting of the bones at various angles of knee flexion was carried out 
with particular attention to the point of contact between the femoral and 
tibial condyles. 
	
Moment arms at the knee were measured from this point 
with dividers, and similar dimensions were recorded at the ankle. 	 The 
results of the dry bone measurements are summarised in Figures 8.3 and 8.'t. 
In addition to direct measurement on the rig, bone contours and muscle lines 
were plotted on a large sheet of cartridge paper covering the working suria P. 
Checking of some dimensions and angles vas later carried out on the drawing 
board in the absence of the bones themselves. 	 Cardboard formers retresenting 
the femur, tibia and foot were made to assist this graphical T4ork. 	 In the 
author's opinion, the simple methods employed in the bone rig and on the 
drawing board are quite adequate for the estimations of anatomical dimensions. 
Bearing in mind the simplifications imposed by the model of Figure 8.1, high 
accuracy in the measuring techniques is not warranted. 	 Confidence in the 
results is better based on the fact that the curv-:s of Figures 8.3 and S.4 
are fairly well defined by the experimental points. 
8.5 Calculation of Muscle and Joint Forces  
a) Initial uasi-static analysis 
The lower limb positions were taken frame-by-jrarile from the drop-landing 
film (Chapter 4). 
	
Moment arms and muscle lines of action were read from 
Figures 8.3 end 3.4 at tl-!e appropriate knee anCles, and the vertical forces 
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acting at the feet were taken from the force platform readings. 
	 The 
horizontal component of force at the foot was considered negligible in this 
activity. 	 Extracts from the first tabular calculation are given in Table 8.2 
In this first analysis gravity and inertia effects on the lower limb segments 
were not included and Soleus was considered to be inactive. 
	 Each of these 
effects was considered in more detail in subsequent calculations. 
	 The 
dynamic force measured by the platform was, however, used as a starting point 
so that the values in Table 8.2 represent a quasi-static view of the situation. 
The equations representing this quasi-static approach are obtained by 
setting all gravity and inertia force terms to zero and inserting Fziv; frcm 
the force platform as initial data. 
	 Solution for T , T and the joint 
forces is straightforward. (Figure 8.1 (b) ) 
b) Gravity Forces  
The equations of Figure 6.1 contain a term in Wl, the weight of the 
lower-leg-plus-foot segment. 	 Its significance in the equations may be 
assessed by comparing the magnitudes of :- 
cud 	 2 l2  
In this form, obtained from equation (3) of Figure 8.1, the gravity 
term is regarded as a correction factor cn the muscle force 2Tp. 
Calculated values of the gravity for3e were fairly small compared with 2Tp 
throughout the drop-landing analysis. 	 The values vary between 0.23 and 
0.77 against the 2Tp range of 5.4 to 32.9. 
c) Inertia Forces  
The inertia terms require more elaborate treatment in that three sets 
of acceleration values, two translational and one rotational, must first be 
calculated from the displacement data. 	 The effects of they inertia terms 
appearing in the eouations of Fiure 8.1 are summarised in Table 3.3. 
Both the muscle tension and the vertical force component at the k-Aee 
joint are inodified by these computations, but the corrections are not serious 
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d) Contribution of Soleus 
Until now the Achilles tendon tension has been ascribed entirely to 
Gastrocnemius. 	 In the absence of more precise information on load-sharing 
between muscles, the effect of Soleus on the Achilles tendon can only be 
surmised. 	 Some indication of its influence is given by assuming equal load 
carrying by Soleus and Castrocnemius. 
	 the subsequent calculations were 
carried out on the quasi-static model and the values are compared in Tate-1,1 S.=-  
with the original results, which assumed Soleus inactive. 
e) General Comments  
The corrections to the quasi-static results caused by the introduction 
of gravity and inertia terms in the equations of motion are relatively small. 
An informative picture of the orders of magnitude of muscle and joint forces 
throughout the drop-landing is given by the straightforward quasi-static 
analysis. 
	
The laborious inertia force calculations leading to the full 
dynamic analysis do not seem warranted in the present study. 	 However, it must 
be noted that the translational moment-of-momentum terms (Columns 1 and 2 of 
Table 8.3) tend to cancel each other when their magnitudes are high. 	 Had 
they been additive during frames 2, 3 and 4 their net effect on the later 
entries would have been appreciable. 	 Omission of inertia forces has there- 
fore not been justified as a general rule by the results of the drop-landing 
analysis. 
The force calculations are summarised graphically in Figures 6.5 and 8.6. 
As in the earlier force estimates (Chapters 4 and 5) it is clear that 
manual calculation, especially when inertia forces appear, is prohibitively 
tedious and the possibility of errors due to fatigue increases rapidly. 	 A 
computer programme for internal force calculations is required and the basis 
is laid in the fundamental equations (Figure 8.1) and the anatomical data 
(Figures 8.3 and 8.4). 
	
Morrison's (5) work on the knee joint was computer 
based but the model had a rather simpler form than that emplo-red in the 
drop-landing. 
	
In Morrison's studies it was found that either the patellar 
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tendon or Gastrocnernius were in tension during the walking stride but not 
both at the same time. 
	 In the drop-landing mode] a more general represen- 
tation is needed with Tp and Tacting simultaneously. 
	 This model may he 
useful in the study of a range of athletic activities where measurements of 
foot thrust are available. 
	 A programmed form of the modal should inclucle 
all the inertia effects, and will therefore call for smoothing and 
differentiation techniques examinedarlier in this work. 
	 The programme 
would be particularly informative if inertia and gravity contributions were 
printed out as separate correction terms in addition to the main output :
-)f 
total muscle and joint forces from the dynamic model. 
	 In this way the 
significance of inertia and gravity effects for different types of body 
activity would be explored, and the validity of the quasi-static model could 
be tested more thoroughly. 
The quasi-ststic model has been emphasised because its essential 
simplicity allows rapid assessment of the orders of magnitude of internal 
forces, and the physical significance of the equations is easily appreciated. 
8.6 Assumptions Implicit in the  AnalLsis 
a) Inactive Muscles  
Apart from Soleus, discussed above, some other major muscle grosps in 
the lower limbs have been assumed to have negligible effect in the landing 
action. 
The dorsiflexors of the foot have been omitted because the external 
effect of ground reac Lion is itself a strong dorsifle or. 	 Its moment about 
the ankle is unlikely to be assisted by internal action of flexor muscles. 
Hamstring action hes been neglected under a similar argument. 	 The 
knee is being forcibly f'exed due to external forces on the body, and the 
natural action in the limbs is to resist flexion by the 2_4uadriceps and 
patellar tendon, not to auravate the effect by adding Hamstring tension. 
Palpation of Hamstrings during a sauat action reveals a slackness which 
supports this reasoning. 
If it be argued that some stabilising tensions in these. and other 
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muscles may be necessary, one should note that such additional forces in the 
system would, in general, add to the magnitudes of the internal forces already 
calculated. 
b) Friction 
The effect of frictional action in the joints has been ignored mainly 
for analytical siiplicity, and it is reasonable to regard such effects as 
small compared with the force magnitudes appearing in the present ana]ysis. 
c) Ground reaction  
The thrust of the ground on the feet has been assumed to be purely 
vertical. 	 The drop-landing from a hanging position approximates to vertical 
motion of the body mass-centre and trials on the force platform showed very 
small horizontal components. 
The point of application of the vertical thrust F
z 
was constructed on 
tracings from the tine frames by taking the mid-point of the contact line 
between the foot and the platform. 	 More accurate experimental determination 
of the position does not appear possible, but during the calculations the 
effect of moving the point of contact across the contact area was examined. 
For a given limb position the moment arcs a and c both vary, though their 
sum remains constant. 	 A typical calculation (frame 7) showed that, with 
F
z 
acting at the point of contact nearest the heal, there was a reduction in 
TG from 1.9 to 1.1 and an increase in Tp from 6.5 to 6.8. 	 These variations 
are extreme, for it is reasonable to suppose that Fz acts somewhere in the 
central region of the contact area. 
d) The Tibial Condyles 
The line of action of Gastrocnemius was constructed tangentially to the 
rear radius of the tibial condyles. 	 This construction determines the 
moment arm r, whose value has a direct influence on the value of Tp. 	 An 
increase in r1 
from 0.8 to 1.2 causes Tp to increase from 6.5 to 3.2. 
is not possible to give realistic anatomical variations in r, but it seems 
Probable that the range here given is extreme. 
139 
In general, the comments under c) and d) above underline the fact that 
force estimates are subject to errors which may be fairly large but which 
themselves involve some uncertainty in their determination. 
	 The computed 
forces must be regarded as reasonable order-of-magnitude estimates showing 
the relative importance of the muscular and joint actions for a typical set 
of anatomical dimensions. 
8.7 Interpretation of the Results  
a) The Initial 17.1pact 
At frame 1 in the calculated results, the force Platform reading of the 
high initial impact force has been taken as a starting point (Figure 7.1, 
Chapter 7). 	 It was suggested there (Section 7.2) that the first contact 
of the toes on the Platform acts upon the body more as a shock load at the 
end of a rigid bar than as a force causing response of the flexion properties 
of the joints and muscles. 	 Probably the shock is dissipated in flexions and 
compressions within the joints of the foot and ankle. 	 It is not possible 
to offer analysis of the foot actions in such a complex case, but downward 
jumping. from a moderate height provides convincing sensations to the subject 
of the transmission of shock loads to the ankle and knee when landing stiffly. 
In interpreting the results of Figures 8.5 and 8.6 therefore, the 
values at frames 1 and 2 should be given little credence. 	 Estimates of 
joint force in such a situation would require a model of the elastic 
behaviour of bone and cartilage in the foot and leg, and a detailed knowledge 
of the loading applied to the system through the foot. 
b) Maximum tendon forces (Frames 9-6) 
These forces are the greatest calculated in the drop-landing analysis 
(ignoring the spurious results at frame 1). 	 Appreciable joint flexions 
occur during the -rise an-1  decay of these forces and the values may be 
regarded as a good indication of the major internal actions in the limbs. 
Maximum muscle tensions, Tp . 16.5 and TG  . 6.1 (body-weight units) 
are derived, and for a subject weighing 160 lbf the corresponding tensions 
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in the patellar and :!chiller tendons are 2640 and 97S ibf. 
	 These forces are 
very large compared with the static tensile strength ve.lues of about 1000 lbf 
for the Achilles and patellar tendons (Section 8.2 d) ). 
	 The present 
calculations appear to indicate serious damage or rupture, althow;h the 
subject walked away from the drop-landing tests apparently unharmed. 
It has been indicated in Section 8.2 d) that tendinous material 	 hdgh 
rates of strain is much more resistant to extension ('stiffer') than under 
near-static loading. 
	 Damage tc the tendinous tissue may be associated with 
over-extension of the fibrous structure and a conseouant tearing of internal 
bonds. 	 Thus increasingly 'stiff' response at high strain rates suggests 
that the tendon protects itself from overstrain by means of a velocity- 
dependent resistance to dynamic loading. 	 In this way it may, during viEorous 
activity, be possible for tendons to transmit tensions which as static loads 
would cause damage. 
The calculated tensions in the patellar tendon are influenced, in the 
model of Figure 8.1, by the presence or absence of Soleus action. 	 If Soleusc 
acting only across the ankle joint, carries an appreciable part of the Achilles 
tendon load, then the tension transferred by the two-joint action of 
Gastrocnemius across the knee is reduced. 	 The tension in the patellar tendon 
will also be a little lower in this case. 	 However, the major effect is due 
to the thrust at the feet (equation (3) of Figure 8.1 (a) ) and the overall 
effect of Soleus action is not great:- 
Soleus action 
Zero 
Equal load-sharing 
with Gastrocnemias 
Calculated patellar tendon 
tpnslon at frar 5 	 lbf) 
••••n•• ••• •.=.•n••• n•MM.  
2640 
2277 
Thus,the indicatione arethat the Achilles and patellar tendons are 
very heavily loaded during the drop-landing, and it must be borne in mind 
that considerahly more severe downward jumps are often performed, 
apparently without ill-effects. 
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c) :nee Joint Forces 
The component FKz and Ficx are ref erred to vertical and horizontal axes 
external to the body. 	 More use may be made of these data if the forces are 
resolved into components along and normal to the tibial axis throughout the 
motion. 
	 The first of these new components may be considered an indication 
of the direct compressive force between the femoral and tibial condylcs for 
there is no other means available in the joint to resist the thrust. 
The second, normal to the tibial axis, approximates to a shearing action 
across the condylar surfaces. 
	 The structure of the joint suggests that an 
action of this kind will be resisted primarily by tension in the criciate 
ligaments plus a lesser effect due to curvature of the mating surfaces of 
the joint. 
Values for the tibial ani normal components appear in Table 0.4. 
	
It 
will be seen that an enormous compressive force is calculated at frame 5. 
For a 160 lbf subject the force is 3904 lbf, which seems unbelievably high 
for a voluntary non-injurious activity. 
Whatever may be the errors involved in the determination of such a force, 
it must be recognised that' this value, and the other internal forces computed 
above, show clearly that the measured foot thrusts (r p) are iTagnified to 
considerably higher forces within the muscles, tendons and joints. 	 The 
oompressiNe forces at the tibial condyles calculated for the drop-landing 
(F 	 i 	 strongly that such an impact situation may do more damage thP.n 
the subject realises. 
	
The occurrence of torn cartilage in a hill-walker 
and a fast-bowler, mentioned in Chapter 1, are instances known personally to 
the author which show that repeated 'moderate' impacts probably cause 
irreparable dArrage. 	 As in the drop-landing, the victim is unaware of 
anything more than a jolt at each impact, and neither he nor his medical 
adviser can assess the severity of the effects until it is too late, and the 
semilunar cartilaues are damaged sufficiently to cause pain. 
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d) Ankle Joint Forces 
As with the other members, the ankle joint suffers its maximum J
.cading l  
at frame 5 (ignoring the frame 1 value). 
	 Table 8.2 gives the vertical 
component, F. , as 7.2 and the horizontal (F
Ax) component at frame 5, 
separately calculated is 1.6. 	 Thus the :resultant maximum compressive load 
at the ankle is 7.38 in body-weight units, or 1101 lbf for a 160 lbf subject 
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9.1 Body !omeil.L.of Inertia (chapter 2) 
a) M.I. Factors 
The discussion presented in Chapter 2 proposes the non-dimensional 
Moment of Inertia Factor as a basis for the study of the inertia 7,roperties 
of the human body. 	 Three systematic methods for computation of Y-axis 
moments of inertia are develoTied. 
	 The column-total procedure is the most 
obvious, but the other two, based cc the shift equations for a charge in 
configuration, have certain ierits. 
	 Direct 	 of the shift equations 
provides confi6uration-dependent functions expressing continuous change of 
body moment of inertia during a complex body movement. 
	 As an alternative, 
the Lk Tables, generated from the shift equations, offer some saving in 
numerical work and rough computations may quickly be made from the tables. 
Each of the three methods requires the shifts Ak of the segments from the 
reference (standing) position and it has been found that drawing-board 
construction at one-quarter full-eize on the mean-man model will give the 
t\k values rapidly and with sufficient accuracy. 	 A valuable adjunct to 
this work is a permanent drawing of a quarter-full-size model comprehensively 
labelled with the mean-man segmental masses, lengths and mass-centres in both 
normal and nondimensional units. 
b) Model Comparisons and Improvement  
2 
The sugestion that moment of inertia be plotted against Ali appears 
fruitful, and the graphs of this form given in Chapter 2 highlight the 
behaviour of these mechanical quantities for both experimental and model 
determinations. 
	
Such plots also show up the effect of a model correction 
procedure in a qualitative fashion. 
A quantitative assessment of improvements to model M.I. predictions 
has been based on the distribution of errors between the Santschi experi-
mental data (66 subjects) and the values from a modified segmental model. 
Hanavan's scheme for 'tailor-made' segmental models, requiring a large 
computational programme, he4s been compared in Chapter 2 with my suggestion 
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for model correction on the basis of the single parameter Lz/H. 
	 Satisfacto 
improvements in the overall pattern of M.I. values are achieved by the Lz/H 
correction, and, as far as it has been investigated, this simple procedure 
seems to achieve results comparable with those of Han
,wan. 
c) Extension of M.T. Studies 
Future work in this field is required along three main lines:- 
1. Computation of moments of inertia for the X and Z axes. 
2. Experimental determination of moment of inertia for subject 
groups of markedly different body build and the distribution 
pattern of these data on the I vs. 
	
9 
plot. 
3. Further investigation of the Lz/H correction procedure for 
body configurations not studied in the present work. 
9.2 Numerical Com-utation (Chapters 5 and 6) 
a) Fourier and differentiation methods  
Fourier analysis of displacement data has been found useful in the 
determination of the noise and information content of cine readings. 	 An 
interesting feature of the freluency structure was the upper limit of the 
cut-off frequency at about 5 Hz with a corresponding sampling frequency 
around 10 Hz. 
	
This sampling frequency is close to the value determined 
independently by trial-and-error smoothing-differentiation procedures using 
a range of data spacing. 	 By the latter method the 20-frame spacing at 224 
frames per second (sampling frequency 11.2 Hz) was found to produce second 
derivative results which were acceptably smooth and agreed well with measured 
force values. 
These results load to the surprising conclusion that film taken at only 
11 frames per second could have recorded the motion adequately, and that 
more detailed information recorded at higher frame rates is so inextricably 
mixed with noise that it will be lost in the essential smoothing processes 
applied during computation. 
b) Digital filtering and its  apnlication  
Many questions remain unanswered in the field of numerical differen-
tiation, and it is probable that the most effective approach to the data 
processing profiem will incorporate frequency analysic, not only of the 
displacement data but also of derived velocities and accelerations. 
	 It 
has been indicated in Chapter 5 that the three-point moving average procedure 
virtually removes the upper half of the frequency range of the original data. 
In communication engineering it is customary to speak of 'digital filtering' 
when data are put through a computational procedure. 
	 The effect is 
analogous to the feeding of an electrical signal through an electronic 
filter. 
	 Changes, particularly in the frequency structure of the signal or 
data, will occur. 
	 Numerical data passing through a smoothing, differen- 
tiation or other computational procedure will therefore undergo predictable 
changes in their frequency spectrum once the 'filtering' characteristics 
of the computation have been determined. 	 It will be particularly valuable 
to the present work if the action of the five-point and nine-7oint second- 
derivative techniques as digital filters can be established. 
c) Co puter orogramme development 
The force analysis programme of Chapter 6 requires further develop,ment 
to handle the X and Z translational components and the equation for plane 
rotational motion. 
	
The latter, developed in Chapter 3, calls for 
programming of body moment of inertia and its rate-of-change, and it is 
necessary here to bring in a general treatment of moment of inertia, such 
as the shift equations of Chapter 2. 	 The rotational-motion section will 
demand a considerable period of programming and testir.g. 	 It is possible 
that some terms, particularly those expressing moments of momentum relative 
to the mass-centre, may be negligible in practical application of the 
rotational-motion equation. 	 If so, the programme will be considerably 
reduced Lnd simple approximate methods may be adequate for manual calculation 
of body-rotation effects. 	 It should be emphasised that the rotational 
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equations apply to both free aerial  rmotions and to situations in which there 
is contact with external agencies. 
The programme may be further refined by the incorporation of a Fourier 
section at the beginning, so that 'noise' is determined by a frequency 
analysis, and approe)riate removal of higher-frequency terms is carried cut 
within the nroc-ramme. I 	 c, The Fourier programme provided by Andrew (Chapter 
was allied in his work to a study of best-fit procedures, and 2 4- J. kr is possible 
to select by such methods a curve fitting the displacement data according to 
a predetermined best-fit criterion. The production of a fitted curve mey 
be of value in some applications of cine analysis. 
It is clear that the computational aspects of the present work provide 
much scope for development and the value of the programme will be further 
enhanced if graphical output facilities can be included. 
9.3 Force Calculations (Chapters 5 and 7) 
a) Comparison with force platform measurements 
 
In this work the force platform has been mainly used as a check on the 
forces calculated from cine analysis. Although smoothing erases some of the 
finer fluctuations in the force history obtained from cine calculations, 
general agreement with the force platform results is encouraging. 	 It is 
disappointing that the double-peak effect cannot be generated by the cine 
analysis as it stands. However, there seems considerable promise in the 
curve-fitting and interpolation procedure used by Wallach and Saibel 
(Chapter 5) 
	
If the fine detail of the created points can be relied upon, 
differentiation can go ahead at a fine data-spacing and in the absence of 
serious noise. 
	
The discussion of differentiation at the double-peak in 
Chapter 7 shows that fine data-spacing (that is, a high samplin2 frequency) 
with little or no noise can reproduce the double-peak phenomenon to a high 
accuracy. 
	
The question to be settled is to what extenl, Wallach and 
Saibel's interpolation fitting can be relied upon to r_?present the 'Irun' 
data when second derivatives are to be computed. 
	 Here again an intriguing 
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problem in numerical analysis presents itself. 
b) Study of skilled. movement 
The subdivision of total force into segmental contributions (Chapter 7) 
is proposed as a technique which may throw light on the pattern of co-ordinated 
human action. 	 Apart from eine analysis of this kind there seems to be no 
other way in which the combination of limb and trunk motions into a skilled 
co-ordinated performance may be studied in detail. 
	 Certainly the filming 
process has the immense advantage of being remote froth the performer and, 
further, it requires little prior preparation. 
	 It is hoped that the 
segmental subdivision method presented here will be developed as a useful 
technique in the study of skilled action and of learning processes in which 
the limb movements are gradually brought into proper co-ordination for the 
most effective result. 
	 It is clear, from the progressively improved 
drop-landings recorded in Chapter 7, that such a process of skilled adaptation 
is recorded by the force platform. 
	 It is reasonable to suppose that cine 
analysis of the landing actions would throw more light on the way in which 
the body can reduce the intensity of impact by well-timed limb and trunk 
movements. 
9.4 Muscle and joint Forces (Chapter 8) 
a) The model and its shortcoming 
The model of muscle and joint action in the leg which was employed in 
Chapter 8 has, not unexpectedly, been criticised for its simplicity. 
Colleagues in the medical world point out that Gastrocnemius and Soleus 
are not straight tension members attached at their extremes to the skeleton 
but that there is a complicated overlapping and wrapping of muscles. 	 One 
answer to such comments is that no model incorporating the detailed geometry 
of the muscles and bones in the leg has been proposed and that solution for 
the forces in such a system would be impossible. 	 In Chapter 8 it is maele 
clear that, even with the simplified model used in the present studies, 
some assumption must be made concerning the presence or absence of Soleus 
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action. 	 If we are to obtain any numerical estimates of muscle and joint 
forces the model must make considerable, but, it is hoped, reasonable 
simplifications while still retaining the essential features of the internal 
actions. 
Because these simplifications are somewhat subjective, it is impossible 
to make quantitative statements about the degree of error involved in the 
model. 	 I have endeavoured to indicate in Chanter 8 the effects of several 
typcs of variation which influence the final values of muscle and joint 
force but the variations are themselves chosen on a partly subjective basis. 
A feature of the force calculations is the separate treatment of 
gravity and inertia effects which, in the drop-landing calculations, have 
only a small influence on the results. 
	 In this case it is clear that the 
'quasi-static' model, omitting inertia and gravity effects, gives an 
adequate description of the behaviour of the limbs and provides a set of 
simple equations for muscle and joint action. 
b) The calculated values  
Table 0.5 of Chapter 8 summarises the maximum muscle and joint forces 
computed for the drop-landing. 	 The most significant values are those of 
Tp (2640 lbf), FicTib (3904 lbf) and FKdorm (467 lbf). 	 The first value 
appears to indicate a serious overload on the patellar tendon, according to 
approximate tensile strength figures. 	 Even if the tendon is able to with- 
stand higher loads under dynamic conditions the conclusion must be drawn 
that downward jumping on to a hard surface is not a particularly healthy 
pastime. 
This conclusion is supported by the large compressive load between 
the tibial and femoral condyles expressed by FKTib. 
	
A load of nearly 
4000 lbf on the semilunar cartilages must be regarded as undesirable although 
its physiological effects cannot properly be assessed wjthout the con- 
struction of a knee-joint simulation rig. 
FKNorm rep-
resents 'shearing' across thcs condyles and it can be assumed 
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that the cruciate ligaments carry the major part of this force. 
	 This 
normal component reaches a maximum in the deep-squat position, in contrast 
to the other forces which have their highest values at frame 5. 	 The high 
stressing of the cruciates in the deep-squat confirms recent warnincs that 
squat exercises in athletics, particularly with heavy weights on the 
shoulders, are liable to produce permanent OVCT extension of the cruciates 
and a slack knee joint structure. 
c) Future Work 
The procedures and model data of Chapter 8 may be applied to many types 
of physical activity. 
	 An obvious extension would be the study of drop- 
landings from several heights and of other forms of downward jump. 
	 The 
take-off action in jumping is also of interest, and it should be possible 
to build up an overall picture of joint and muscle forces and to assess 
what forms of activity lead to unpleasantly high loads. 
A second, useful pine of work would be the provision of anatomical 
dimensions, such as the moment arms in the present model, for a range of 
subjects. 
	
This kind of survey can only be performed on cadaveric specimens 
but it is important that some knowledge of subject differences be built up 
so that future models and calculations may be more realistic. 
9.5 Biomechanical orincitiles (Chapters 3 and 7) 
Biomechanics is at a formative stage in which workers with backgrounds 
in various disciplines are coming together to contribute their knowledge. 
Successful fusion of the many approaches to the study of human activity will 
take time, but courses and conferences on biomechanics are already setting 
the standards for future development. 
My criticisms of some published material in Chapters 3 and 7 are not 
intended as personal attacks on the authors concerned. 	 It is difficult to 
P' for-.4ard in print a strong criticism without appearing offensive, but I 
feel that the points on which I have taken issue are important. 	
Students 
and other workers are natuvany prepared to accept published work in 
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accredited journals as a reliable basis for their reading in biomechanics. 
They should not find incorrect and unjustified st
- itements on mechanical 
principles such as those cited earlier on Work, Energy and Power. 
	 I find 
it disturbing that publications which, for lack of any other material, are 
effectively laying the foundations of biomechanical study, should contain 
confusing misapplications of mechanical idees. 
	 It cannot be too strongly 
underlined, for instance, that no work is done by a force acting at a fixed 
point of application, and that energy and Dower are scalar quantities for 
which resolution in 'horizontal and vertical components' has no meaning. 
These are not subtle, advanced concepts about which experts may hold 
differing shades of opinion, but basic d.?finitions which must be properly 
used if biomechanics is not to become a jumble of bad methods trying to 
produce good results. 
It has also been my experience in personal discussion that incompletely 
understood principles are sometimes stoutly defended by their protagonists. 
While the concepts discussed are straightforward, it is possible to regard 
them a little too lightly, as matters which were mastered at school and are 
now second nature. 
	
In dealing with human motion we have to recognise that 
the body is a non-rigid system and is capable of internal energy production. 
These two features can cause difficulties if one is not preparod to think 
beyond particle and rigid-body mechanics to more general ideas. 
I have ventured to be dogmatic in these remarks because statements on 
mechanical principles constitute the only section of the present work for 
which consideration of errors should be unnecessary. 	 Unfortunately, some 
'noise' seems to have crept into even this system, and it can only be hoped 
that newcomers to biomechanics will be able to apply some judicious fil tering. 
